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INFLUENCE OF THE PREPARATION CONDITIONS OF ALUMINUM SOAPS 
OF NAPHTHENIC ACIDS ON THE PROPERTIES OF THEIR OLEOGELS 


G. V. Belugina and A, A. Trapeznikov 


Aluminum soap powders, which consist of aluminum salts of organic acids (aliphatic, naphthenic), are 
able to swell and dissolve in hydrocarbon liquids to form colloidal systems of various consistencies according 
to conditions, from mobile solutions of low viscosity to highly viscous elastic gels, The nature of the thickener, 
i.e., the aluminum soap, the structure and properties of which determine the oleogel properties to a considerable 
extent, is of particular significance for such systems, 


There have been many studies of the possibility of formation, and of the structure and properties of mono-, 
di-, and trisubstituted aluminum soaps of fatty acids and of their gels in organic solvents, Considerably less infor- 
mation is available in the literature on aluminum soaps of naphthenic acids [1-10]. The purpose of the present 
investigation was to study and interpret the influence of individual factors in the preparation of aluminum 
naphthenates and their thickening power and the stability of their oleogels. Our study of the influence of precipi- 
tation conditions on the properties of aluminum soaps was based on the possible analogy between the conditions of 
formation of Al(OH) structures and of aluminum~ oxygen networks in aluminum soaps. This approach made it 
possible to determine the influence of individual factors in precipitation (ratio of free to bound alkali, pH of the 
medium, temperature, and concentrations of the reagents) on the properties of the aluminum soaps formed, and 
also to establish a relationship between the stability of oleogels in the course of aging and the composition of the 
soaps. 


The molecular weight and nature of the organic radical of the acid also have a strong influence on the 
thickening properties of a soap. Investigations of aluminum soaps of fatty and naphthenic acids have shown that 
the thickening power of soaps increases with decreasing molecular weight of the acids [11-13]. We found that this 
general principle was also valid in the preparation of Al soaps of naphthenic acids in factory conditions. 


Oleogels of Al naphthenates in hydrocarbon solvents have peculiar structural and mechanical properties 
[14, 15]. These properties (high viscosity, elasticity, strength, and stability) are closely associated with the 
nature of the soaps, whichdepends in many respects on the acid radical and the conditions of preparation of the 
soap. The stability of oleogels, i.e., their retention of their original properties (including viscosity) during pro- 
longed storage is a question of great practical importance, Apart from the factors mentioned above, the stability 
of oleogels is also influenced by the chemical nature and purity of the organic solvent, the presence of admix- 
tures of other substances, the form and nature of the material of the container in which the oleogel is kept, and 
other factors, 


Methods of soap preparation, The Al naphthenates were prepared by double decomposition, effected by 
two methods; 1) by the usual addition of Al,(SO4)3 solution to a solution of alkaline sodium soap, with a continu- 
ous change of the pH of the medium from high to low values, This was termed the "direct precipitation" method; 
2) by simultaneous pouring of solutions of Alp(SO,)3 and alkaline sodium soap into water the pH of which had pre- 
viously been brought to a definite value by means of one of these solutions, The addition rates of the two solu- 
tions were regulated so as to keep this pH constant throughout the entire precipitation, The constancy of pH was 
checked by means of a glass electrode or colored indicators, This method was proposed and used for the first 
time by A. A, Trapeznikov in 1942-1943;* in the present investigation it was improved and modified with respect 
to the optimum pH of the medium [16]. The precipitation was carried out in a laboratory unit (Fig. 1) equipped 


* The precipitation was carried out at constant pH, which was decreased to 4,5 at the end of the precipitation, 


with a mechanical stirrer, a thermostatically controlled 
reaction vessel, and heated burets (the temperature of 
the emerging drops was determined by means of thermo- 
couples coated with thin plastic films and placed in the 
buret tips). 


In both methods the precipitated soap was washed 
to a negative reaction for SOA in the wash waters, and 
dried at a definite temperature to constant weight. It 
was found that precipitates formed at pH 10 and 9 coa- 
gulate badly, contain a fine fraction which passes through 
the filter, and are difficult to wash. The filterability 
and coagulation of the precipitates improves with 
decreasing pH, while precipitation from acid solution 
(pH ~ 3.5) gives a sticky, resinous precipitate. 


The starting material was "asidolmylonaft" (GOST 
No. 3854-47, Grade 1) obtained in the alkaline purifi- 
cation of petroleum distillates, and containing naph- 
thenic acids of the kerosene and solar oil fractions with 
average molecular weight May = 250-260. Apart from 
this, in some experiments naphthenic acids (M,, = 250), 
purified to remove the tail fraction and a large proportion 
of unsaponifiables by a single distillation of "asidol” in 
refinery conditions, were used, 


Cryoscopic benzene (supplied by the Becker 
Company) was used as an individual nonpolar soivent; 
some typical industrial solvents (B-70 aviation gasoline, 


Fig. 1. Laboratory apparatus f ecipitati f Al ‘ : 
8 : ERAS Ehren ordinary gasoline, etc.) were also used, 


naphthenates, 
Effect of free— bound alkali ratio in precipitation 
of Al soaps, In the precipitation of Al naphthenates it 
is in theory possible to obtain aluminum salts of different degrees of substitution, for example: 


6RCOONa + Als (SOz)3 = 2Al (RCOO)s -+ 3Na2SOq; (1) 
4RCOONa + 2NaOH + Alo(SOq)s = 2AlOH(RCOO)s + 3NaeS0xq; (2) 
2RCOONa + 4NaOH + Alo(SO4)3 = 2A1(OH)2RCOO + 3Na2SOq. (3) 


Therefore the “basicity” of the soap, i.e., the saturation of the aluminum valences with hydroxyls, depends 
on the relative proportions of the free alkali and the bound alkali (i.e., the alkali used for saponification of the 
acid), Thus, in absence of free alkali [Equation (1)] the composition corresponds to a trisubstituted soap, which 
probably cannot exist owing to its easy hydrolysis (1, 3, 17]. If free alkali is present in 50% excess over the bound 
alkali [Equation (2)], a disubstituted soap is formed; with 200% excess of free alkali [Equation (3)], a monosubsti- 
tuted soap is formed, However, owing to the complex character of the whole process of soap formation, such 
definite stoichiometric compounds probably constitute only a part of the whole product, while the rest consists of 
more complex formations.of intermediate composition, and also of hydrolysis products (Al(OH)s, free acids), We 
therefore used different proportions of free and bound alkali, including intermediate ratios between those given 
above, and studied the properties of Al naphthenates prepared in presence of between 15 and 200% free alkali 
both by "direct"precipitation and by precipitation at constant pH [16]. 


It was found that the viscosity* of 4% oleogels in cryoscopic benzene, of Al soaps precipitated at 20° at 
different but constant pH values (5, 7, and 9), increases with increasing free alkali content at precipitation, and 
passes through a maximum at 21-36% NaOH (Fig. 2). 


* The viscosity was characterized by the values of the highest constant viscosity of the undestroyed structure 
[14, 15], determined by a standard procedure developed by N. A. Bakh. 


As the precipitation temperature increases, the viscosity maximum is shifted in the direction of higher 
contents of free alkali, corresponding to 75-100% NaOH. 


The viscosity of 4% oleogels in cryoscopic benzene is plotted against the free alkali content in precipitation 
of the soaps in Fig. 3 (the soaps were precipitated at pH 5 and 66°), However, while the viscosity of the oleogels 
increases with increasing free alkali content at precipitation, the stability* of the gels falls rapidly, and oleogels 
of soaps precipitate at lower free alkali contents (15-50%) are the more stable, 


Typical curves for aging of oleogels (6% solutions in cryoscopic benzene) of soaps prepared by "direct" 
precipitation at 80° with 50-200% of excess alkali are given in Fig. 4. 
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Fig. 2. Effect of the ratio of free to Fig. 3. Effect of the ratio of free to 
bound alkali in soap precipitation on bound alkali in soap precipitation on 
the viscosity of oleogels: _ the viscosity of oleogels. 


1) pH 5; 2) pH 7; 3) pH 9. 
The observed differences af viscosity and aging proces- 

ses of oleogels of Al naphthenates precipitated at different 
7, poises contents of free alkali can be accounted for by the dif- 
ferences in their composition, The thickening properties 
of an Al soap are closely associated with the structure 
and properties of its aluminum~oxygen skeleton, By 
analogy with the ability of Al(OH) to "polymerize" with 
formation of polyhydroxide chains [18], we may assume 
that the primary soap particles are of elongated shape, 
although probably not of very large size, owing to "poly- 
merization” through the oxygen atoms: 
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Fig. 4. Effect of storage time on oleogel vis- OH R 
cosity for soaps precipitated in presence of 
excess NaOH: In a number of cases, owing to incompleteness of the 
1) 50%; 2) 75%; 3) 150%; 4) 200%, precipitation process or to the presence of a large excess 


of alkali, such chains may include regions of Al(OH) 
entirely devoid of acid radicals. The aluminum~—oxygen skeleton of the soap chains may undergo changes in 
the course of time, i.e., it may age in the same way as pure Al(OH); [19], especially if it contains Al(OH) 


* We studied the stability of the oleogels in relation to the various properties of the soap itself regarded as a 
thickener, and did not consider artificial stabilization of the oleogels by means of additives. An oleogel was 
taken as stable if its viscosity did not increase or decrease by a factor of more than two during prolonged storage 
(about a year). 


regions, Consequently, increase of the free alkali content in precipitation leads to formation of Al soaps with 

a structure increasingly closer to the structure of Al(OH), which is therefore increasingly liable to undergo 
aging, leading to changes in the properties (including viscosity) of the oleogels in the course of time. The ratio 
of free to bound alkali in the precipitation of Al soaps is one of the main factors determining the stability of 
their oleogels. Moreover, the aluminum—oxygen skeleton may adsorb ions in the course of its formation, and 
these may influence the aging of the soap, in the same way as the aging of Al(OH)3. The great resemblance 
between the properties and preparation methods of Al(OH), itself and the Al soaps described in this paper has 
been recently established by A. A. Trapeznikov and A. M. Tolmachev. 


Structure formation in the oleogel system may take place by different types of bonding; forexample, by 
means of additional coordination bonds between aluminum and oxygen, RAl... O— Al, hydrogen bonds between 
hydroxyls attached to aluminum Al-OH...O-AIR and hydroxyls and oxygens in carboxyl groups of other 

| 


O H 
molecules Al-~OH,. ,0-c7 , and through water molecules joining individual soap molecules [2, 3, 12, 20, 

R 
25]. Recent studies of Al soaps of fatty acids and of their gels by infrared spectroscopy have shown [21] that gel 
formation does not depend on hydrogen bonds due to the presence of free OH groups, The intensity of the band 
characterizing the Al-O bond (of the covalent type) was found to be proportional to gel concentration, Weaken- 
ing of this band on addition of m-cresol to the gel, accompanied by a decrease of the gel viscosity, shows that 
the Al—O band is closely related to the thickening power of the soap. It must be admitted, however, that the 
nature of the bonds in Al soap oleogels has not been finally established. 


Effect of pH in the precipitation of Al soaps, The pH of the medium in the precipitation of Al soaps, 
greatly influences their composition and thickening properties [16]. The viscosity of oleogels of Al naphthenates 


precipitated at different pH (from 10 to 3.5) and in presence of 36% excess alkali first increases with decreasing 
pH, and passes through a maximum at pH~5 (Fig. 5). This is probably associated with hydrolysis of Alp(SO,)» 
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Fig. 6. Effect of storage time on the viscosity of 
oleogels from soaps prepared: 

1) by “direct” precipitation, 36.0% excess NaOH, 
at 67°; 2) at pH 5, 28.8% excess NaOH, at 67°; 
3) at pH 5, 36.0% excess NaOH, at 67°; 4) at pH 


Fig. 5. Effect of pH at precipitation 7, 36.0% excess NaOH, at 80°, 

on the viscosity of oleogels, for soaps 

precipitated at different temperatures: and formation, in a weakly acid medium, of ions of the 
1) 20°; 2) 67°; 3) 80°; 4) 93°, type of AlOH?* and Al(OH), leading to the formation 


of a hydroxyl-containing (basic) soap, whereas in more 

alkaline media (Al(OH)s is predominantly formed. Moreover, in an alkaline medium OH ions are adsorbed, and 
possibly also molecules of the alkaline sodium soap, which greatly lowers the viscosity of oleogels [22]. Excess 
adsorption of H* (if the soap is precipitated in a strongly acid medium) also decreases oleogel viscosity, Other 
electrolytes (NaCl, NagSO4, NagHPOg, tartaric acid, etc.) added specially to the solution during precipitation of 
the soap, or introduced together with the Al soap into the oleogels , also have an appreciable effect [22]. These 
effects are probably caused by anion adsorption and complex formation in the course of precipitation, leading to 
shielding of the polar groups in the soap chains by the additives, and to peptization. 


Determinations of the viscosity of oleogels of Al naphthenates precipitated at different pH showed that 
soaps precipitated in an acid medium at pH 3,5-5 give rise to oleogels the viscosity of which decreases with 


TABLE 1 


Thickening Properties of Al Naphthenates Precipitated by Different Methods 
36% excess of NaOH at precipitation, temperature 93° 


Method of precipitation of Al naphthenates, Direct pre- - an ide 
and pH of medium cipitation | pH ~ 3.5 pH 4.5 | pH 5 pH 7 pH 9 
Viscosity of 4% gels in benzene after 3 days, 3655 2032 6127 | 18,500 | 2400 21 
in poises 


time. The aging of oleogels of soaps precipitated in alkaline media (pH 7-10) follows a different course; their 
viscosity increases with time, probably because of additional structure formation in the system in consequence 
of the slow aging of the aluminum~ oxygen skeleton, and also because of a more complete reaction between the 
free Al(OH)3 remaining in the soap and the naphthenic acids. This is illustrated by Fig. 6, which shows several 


typical aging curves for oleogels (4% solutions in cryoscopic benzene) of soaps prepared by "direct" precipitation 
and by precipitation at pH 5 and 7, 


Comparison of the thickening properties of Al naphthenates prepared by “direct” precipitation and by pre- 
cipitation at constant pH showed that the latter method, under the optimum conditions (pH 5, high temperature), 
gives soaps of the better thickening properties (Table 1). 


Influence of the temperature factor on the properties of Al naphthenates. The precipitation temperature 
and the subsequent heat treatment of the Al soap formed have a _ great influence on the structure and thickening 
properties of the soap [23]. It was found that with increase of the precipitation temperature (from 20 to 92°) the 
thickening power of the Al soaps formed increases, and passes through a maximum at ~80°, Observations of 
viscosity variations in oleogels of Al soaps precipitated at higher temperatures did not reveal any significant 
differences in the nature of the aging of the oleogels, although in some instances oleogels made from soap pre- 
cipitated at 92° had greater stability. Soaps precipitated at room temperature sometimes give rise to oleogels 
the viscosity of which increases with time; this is also the result of additional structure formation in the system. 


7, poises 2, poises 
(20) (80) 
£000; 2000 
1600+ 16000 
1200} 120 80° 


800\- 8000 20° 


60 160 20 30 400 480 days 4000) 


7] 
Fig.-7. Effect of storage time on the viscosity of 50 60 % 8 9 00 
oleogels from soaps heated at 100°: 
1) soap precipitated at pH 5; 2) the same, pH 
9 (36.0% excess NaOH, temperature 80°), 


Fig. 8. Effect of the drying temperature of 
soaps precipitated at 20 and 80° on the vis- 
cosity of oleogels. 


Heat treatment of moist soaps (for 6 hours at 80-160° in sealed tubes) increases their thickening power, 
especially of soaps of low thickening power precipitated at room temperature or in an alkaline medium (pH 9) 
[23]. 


The aging curves of oleogels made with soaps prepared under different conditions and subjected to heat 
treatment differ in character. The viscosity of oleogels of Al soaps precipitated at pH 5 and subjected to heat 
treatment decreases in the course of aging, as it does in the case of the same soaps without heat treatment. On 
the other hand, the viscosity of oleogels of soaps precipitated at pH 9 and subjected to similar heat treatment 
increases in the same way as for oleogels of the untreated soaps. Figure 7 shows two typical aging curves for 
oleogels (4% solutions in cryoscopic benzene) of Al soaps precipitated at pH 5 and 9 and heated at 160° (compare 
with Fig. 6). It follows that heat treatment of moist soaps has no significant influence on the stability of oleo- 
gels made from them, 


Drying temperature of Al soaps, As various workers have pointed out, water has a very strong effect on 
a ms eRe ae Ss ae + 74 . . . . 4¢ C 
the structure of metal soap oleogels, playing not only a peptizing but also a structurizing role [2, 3, 12, 24, 25]. 


is especially significant for soaps precipitated at 20°, as the drying serves as additional heat treatment. The 
optimum drying temperature for Al naphthenates precipitated at elevated temperatures is in the 70-90" range. 
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Fig. 9. Effect of storage time on the 

viscosity of oleogeis from soaps dried at: 

1) 50°; 2) 70°; 3) 90°; 4) 105°, 
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Fig. 10, Variation of oleogel viscosity with 
the concentrations of the reagents used in 
precipitation of the soaps. 

TABLE 2 


Thickening Power of Al Naphthenates as a Function 


of the Concentrations of the Reagents in Precipitation 


Viscosity after 3 days, 


(sodium naphthenate and Al,(SO,)3) in precipitation 
of Al soaps. In addition to ‘the factors considered 


above, the concentrations of the original reagents 


in poises have a great influence on the structure and thicken- 


ing properties of Al naphthenates. It was found that 


: ae the thickening power of Al soaps increases with 
10 216 decrease of the concentrations of the sodium soap 

2 8700 and Al,(SO4)3 solutions from 20.0 to 0.5%, the highest 
10 1010 values being reached at concentrations between 1.0 


and 0,5%; this is illustrated in Fig. 10 for 6% gels in 
B-70 aviation gasoline (the Al soaps were made by 
"direct" precipitation with 50% excess alkali at 80°), The effect of variation of the concentration of one of the 
reagents on the thickening power of Al soaps was also studied (Table 2), 


It follows from these results that changes of the concentration of the sodium soap have a strong influence 
on the thickening power of the Al soap. Variations of the Alp(SO4)g concentration have a more pronounced 
effect at high concentrations of the sodium soap, and have almost no effect at low concentrations, It must be 
pointed out, however, that oleogels of Al soaps precipitated at low concentrations are less stable than oleogels of 
soaps precipitated at higher concentrations, 


The increase of the thickening power of Al soaps with increasing dilution of the reagents may be attributed, 
on the one hand, to hydrolysis of Alg(SO,)3, and on the other, to dissociation of the sodium naphthenate soap 
micelles to molecules, when they can react more readily with aluminum in the ionic form, This finding is of 
great importance in relation to the preparation of Al soaps with reproducible properties, 


Stability of oleogels of Al naphthenates in various solvents, To determine the influence of the nature of 
the solvent, we studied the thickening properties of Al naphthenates, prepared by different methods, in an indi- 


vidual nonpolar solvent — cryoscopic benzene — and in several typical industrial solvents. It was found that the 


* The drying was continued to practically constant weight in each case. 


relationships between the thickening power and the 
7, poises formulation and preparation conditions of the soaps are 
the same in technical solvents as in benzene, The 
viscosity in some solvents (containing unsaturated hydro- 
carbons) is lower than in benzene, and the viscosity of 
such oleogels falls rapidly during storage, This is prob- 
ably caused by oxidation products formed at the un- 
saturated bonds in the hydrocarbons, which break down 
the oleogel structure owing to their polar character. 


Figure 11 shows typical aging curves for oleogels 
(precipitated at pH 5, 28.8% excess NaOH, temperature 
67°) in various solvents; it is seen that the viscosity of 
oleogels in kerosene pyrolysis products, with a consider- 
able content of unsaturated hydrocarbons, falls very 
rapidly, and after 40 days the system undergoes complete 
phase separation, with precipitation of the soap. There- 
fore in this case aging occurs as the result of latent 
coagulation, which passes into visible coagulation and 
culminates in complete precipitation of the thickener. 
The slow decrease of viscosity in the other solvents may be a consequence of peptization of the soap particles, 
although the possibility of latent coagulation processes is not excluded, 


40 8&0 120 160 200 240 280 days 


Fig. 11. Effect of storage time on the viscosity 

of soap oleogels in different solvents: 

1) cryoscopic benzene, 2) B-70 aviation gaso- 
line, 3) gasoline, 4) products of kerosene pyrolysis, 
containing considerable amounts of unsaturated 
hydrocarbons. 


SUMMARY 


1. A study has been made of the precipitation of Al naphthenates by the usual double decomposition 
method (“direct” precipitation), and by our method in which the reacting solutions are poured into water at 
constant pH of the medium, The latter method, used under the optimum conditions (pH 5, elevated temperature) 
gives soaps of higher thickening power than the "direct" precipitation method, 


2. The ratio of free to bound alkali, the pH of the medium, and the temperature in the precipitation of 
the Al soap have a considerable influence on the thickening properties of the soaps, and the structure and stabi- 
lity of their oleogels. 


3. The thickening power of some Al soaps can be increased by heat treatment at a suitable temperature; 
heat treatment has no appreciable influence on the stability of oleogels. The effects of high-temperature drying 
on the properties of Al soaps can be regarded as the effects of heat treatment, especially in the case of soaps 
precipitated at room temperature. 


4, Decrease of the concentrations of the sodium soap and Al,(SO,)3 used for precipitation of Al soaps 
increases their thickening power, the greater effect being produced by a decrease of the sodium soap concen- 
tration. 


5. The relationships found between the thickening properties of Al soaps in cryoscopic benzene and their 
formulation and preparation conditions also hold for industrial solvents. Viscosities in certain solvents (containing 
unsaturated hydrocarbons) are considerably lower than in benzene, and such oleogels are unstable on keeping. 


6. The results of this investigation have formed the basis of recommendations for a new improved tech- 
nical process for the production of Al naphthenates, developed jointly with the organizations concerned, and 
adopted on the industrial scale. 
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INVESTIGATION OF THE DISPERSIT Y OF SAPROPELS BY MEANS OF THE 
SEDIMENTOMETER AND THE ELECTRON MICROSCOPE 


M. P. Volarovich and V. P. Tropin 


Several papers have been published recently on determinations of the dispersity of peats, including the 
use of the electron microscope [1-3], However, no special investigations of the dispersity of sapropels have 
been reported up to the present, Sapropels are polydisperse systems formed in lakes by deposition of dead micro- 
organisms of plant and animal origin [4, 5]. Since sapropels and peats differ in structural and chemical charac- 
teristics, owing to differences in their sources, the physical and mechanical conditions of their formation are 
also different, it was of interest to apply the procedure developed previously for peats [1-3] to determination of 
particle size distribution curves for sapropels. By this procedure, fractions larger than 250 y were analyzed by 
the wet sieving method; the weight sedimentometer was used for fractions between 250 and1 ut, while the 
highly disperse colloidal fraction with particles smaller than 1 , were studied with the aid of the electron micro- 
scope, A somewhat improved version of Churaev's weight sedimentometer [6] was used for sedimentometric 
analysis of sapropels. To avoid orthokinetic coagulation, the solid phase contents of the sapropel suspensions were 
low, of the order of 0,02-0.03%, The suspensions were prepared by the method used in the experiments with 
peat, the sapropel samples being dispersed in distilled water without addition of stabilizers or peptizing agents, 


Sapropel particles, like peat particles, include large amounts of the dispersion medium (water); therefore 
their true density in suspension during sedimentation is considerably less than the density of the solid phase, and 
depends on the particle size, The technique developed by N. V. Churaev for peats was used to measure the 
sedimentation rates and particle radii in sapropel suspensions with the aid of an optical microscope with a micro- 
meter eyepiece. Stokes’ law was used to derive a relationship between the true density of the settling sapropel 
particles (y , g/cc) and their effective radius (r, y), Fig. 1. The three commonest varieties of sapropel were 
studied: coarse detrital No. 12, fine detrital No. 12, and calcareous No, 14.* 


The experimental points are, naturally, considerably scattered; however, they are grouped around two curves 
as shown in Fig. 1, The deviations of the true density of the settling particles from the density of the dry ‘sapropel 
substance are large. The density of the dry substance of calcareous sapropel is 2.13 g/cc, while the true density 
of the settling particles is considerably less, The density of the settling particles of coarse detrital and fine det- 
rital sapropels may reach 1,01-1.02 g/cc, for densities of 2.01-2,09 g/cc for the dry substances. The anomalous 
density of the particles in sapropel suspensions can be explained, as in the case of peat suspensions, by different 
forms of bonding between water and the particle substance [7]. It is interesting to note that calcareous sapropel, 
over 80% of which consists of particles of calcareous origin, has anomalous density owing to the porous internal 
structure of the fragments of various calcacerous shells and also of occasional plant fragments, the cells of which 
contain osmotic water, For comparison, the dash line in Fig. 1 represents the curve obtained previously for peats 


[2, 3]. 


Figure 2 shows particle size distribution curves for No. 12 coarse detrital, No. 13 fine detrital, and No. 14 
calcareous sapropels; the highly disperse fraction of the last was not studied by means of the electron micro- 
scope. This fraction is represented in the form of an aggregate rectangle on the curve for calcerous sapropel. 
Each of the size distribution curves has at least two maxima; this, as in the case of peats, is indicative of 
aggregate heterogeneity. Moreover, the distribution curves of the coarse and fine detrital sapropels are poly- 
conic in character. Since sapropels consist of coarse and fine | remains of higher plants, algae, animal 


* The sapropel samples were supplied by Assistant professor A. G. Martinson of the Chair of Hydrotechnology 
of the Moscow Peat Institute. 
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Fig. 1. Variations of true density of settling 
sapropel particles with their size: 

1) Fine and coarse detrital sapropel (circles); 
2) calcareous sapropel (crosses); 3) peats 

[2, 3]. 


Fig. 3. Particle size distribution curves for 
coarse detrital sapropel No, 12. 
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Fig. 2. Particle size distribution curves for 
sapropels: coarse detrital No, 12, fine 
detrital No. 13, and calcareous No. 14 (in 
semilogarithmic coordinates), 


remains, mineral impurities, and detritus (the decomposed 
sapropel mass), this type of distribution is to be expected. 
The coarse and fine detrital sapropels have maxima be- 
tween 500 and 125 y, and between 70 and 15 y, in the 
large-particle region. The minimum on the distribution 
curves in the transitional region is followed by a maximum 
for fine fractions between 1 and 0,25 yp. The calcareous 
sapropel No, 14 is more homogeneous in its particle size 
distribution; it shows a principal maximum in the large- 
particle region between 124 and 15 y, and a smaller 
maximum in the region of intermediate particle sizes, 
between 3 and 1 yp. 


Since the distribution curves for the sapropels with 
several maxima reveal a size heterogeneity, the dispersity 
is most conveniently expressed in terms of specific surface. 
The aggregate specific surface (S,,) was calculated for all 


the fractions of each sapropel sample from the results of sieve and sedimentometric analysis, on the assumption 
that the particles are of spherical shape of a certain effective radius. The values found were 13,892 cm?/g for 
coarse detrital sapropel No. 12, 12,965 cm/g for fine detrital sapropel No, 13, and 8,168 cm?/g for calcareous 
sapropel No, 14, Sg) generally ranges between 15,000 and 25,000 em?/g for moderately decomposed peats, The 
inhomogeneity coefficient f, which is often used in soil science [8], was also calculated, The value of f 
increases with increasing heterogeneity of particle size in a disperse system, For coarse detrital sapropel No. 12, 
f = 88, for fine detrital sapropel No, 13, f = 30, and for the calcareous sapropel No. 14, f = 9.1. The coarse 
detrital sapropel was therefore the most heterogeneous with respect to particle size; this is also demonstrated by 
the particle size distribution curve (Fig. 2), Despite the fact that fairly similar values were found for the 
specific surfaces of the coarse detrital and fine detrital sapropels, the dispersity of the latter must be nevertheless 
regarded as somewhat higher than that of the former, as the average weighed diameter of the particles in the 
coarse fraction (dj > 1) was 440 » for the coarse detrital and 320 » for the fine detrital sapropel, 
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Fig. 4. Electron micrographs of sapropeis: 
a and b) coarse detrital No. 12; c and d) fine detrital No. 13. 


LABEL 
Particle Sizes and Masses in Highly Disperse Sapropel Fractions 


} 


Particle Number 3 ; Particle Number : ‘ 
diameters,y| of par-| 4742% | ASin% |! diametersy of partes At tos! oe AS ie 
ticles cles 
Coarse detrital sapropel No. 12 Fine detrital sapropel No. 13 
"1.0 —0.75 18 25.15 23.86 || 1.0 —0.75 8 14.74 12.12 


0.75—0.50 37 18,83 29.03 0.75—0,50 33 21.96 25.54 
0.50—0.25 123 13,46 30.01 0.50—0.25 164 23,42 44,89 
0.25—0.10 380 42.52 20.38 0.25—0.10 274 40.16 16.80 


<0.10 167 0.04 0.72 <0.10 140 0,02 0.68 
725 | 100.00 | 100.00 } | 616 | 100,00 | 100.00 
TABLE 2 


Particle Shapes in Highly Disperse Sapropel Fractions 


Sapropels { Contents of particles of different shapes, % 


rounded oval ; rodlike | irregular 


circular 


Coarse detrital No. 
12 
Fine detrital No. 138 


2.89 41.81 
0.32 64,29 


Sapropels, like peats [9], undergo considerable 
dispersity changes on freezing. Figure 3 shows size 
distribution curves for coarse detrital sapropel No. 12: 
the original (Curve 1), and frozen (Curve 2) at a a) 
and —25° for three weeks. In the same Fig. 3 is also 
plotted a curve (Curve 3) obtained by graphical 
subtraction of the distribution curve for the original 
sapropel from that for the frozen sapropel, and which 
represents the coagulation effect on freezing [9]. It 
follows from Fig. 3 that coagulation affected a wide 
range of fractions, from hundredths of one micron 
to 40 , leading to the appearance of additional 


0 025 OST 0 Q25 O5 pd. amounts of coarse fractions between 40 and 500 yp. 
The fine fractions which disappeared in the course of 

Fig. 5. Distribution curves for the colloidal fractions coagulation on freezing lie under the abscissa axis 

of No. 12 coarse detrital and No. 13 fine detrital (Curve 3), and are denoted by a minus sign, while 

sapropels: the coarser fractions formed lie above the abscissa 
a) by particle mass; b) by specific surface. axis and are denoted by a plus sign. The shaded area 


represents the percentage of the sapropel mass which 
underwent coagulation on freezing, the value being 33.5%, The dispersity characteristics of the sapropel were 
also changed considerably by freezing. For the frozen sapropel Sgp = 4739 cm’/ g, f= 5.2, dg = 4951. Qualita- 
tively, the structure of the coarse detrital sapropel became looser and more granular after freezing. When dried, 
it lost its strength almost entirely, Mud from lake Nero was found to have the same qualitative characteristics 
after freezing [10], 


The electron micrographs* of the fine fractions of the sapropelsin Fig. 4 were taken at magnifications of 
7000-8000. The treatment of the photographs was the same as in the case of peats [1-3]. The negatives were 
placed in a projection lantern and projected on a screen to give x 50,000 magnification; the sizes of the par- 
ticles were then measured by means of a specially prepared universal transparent gage, their numerical contents 
were counted, and their image densities and shapes were noted, Table 1 contains data obtained from the electron 
micrographs of coarse detrital No. 12 and fine detrital No. 13 sapropels, with percentage mass distributions of the 
fractions Am and their percentage specific surface distributions AS. 


The data in Table 1 were used to plot the complete distribution curves of Fig. 2, and also the mass and 
specific surface distribution curves for the colloidal fractions of the sapropels, shown in Fig. 5. 


Examination of the curves shows that the particle mass distribution curves for the colloidal fraction of 
coarse detrital sapropel has two maxima, at 0,5-0.375 y and 0.125-0.05 yw. In the case of the fine detrital 
sapropel this fraction is more uniformly distributed by mass in the 0,5-0,125 y range, but it has almost the 
same maximum as in the coarse detrital sapropel at 0,125-0.05 1. The coarse detrital sapropel has a more 
uniform specific surface~size distribution for all sizes between 0,5 and 0.05 y1, while the fine detrital sapropel 
has a small maximum 0,125 and 0.05y. In contrast to peats [3], in which most of the fine fraction consists of 
particles 0.25-0.5 y in radius, particles 0.125-0,25 y in radius predominate in sapropels, 


Percentage distributions of particles of different shapes in coarse detrital and fine detrital sapropels are 
given in Table 2, It follows from Table 2 that rounded and oval particles predominate (comprising over 90%), 
the numbers of these being roughly equal in both types of sapropel, As regards the image density of the particles 
of the fine fractions in electron micrographs, this is variable in the case of peats [2, 3], and considerable 
numbers of particles of low density are found, Particles of low density are not found in sapropels, and nearly 
all the particles in the colloidal fraction of sapropels are of the type which are designated as high-density 
particles in peats, An interesting feature is that several of the electron micrographs of the fine sapropel fractions 
contained larger particles, which were diatoms or their fragments, Several such photographs, taken at 3500-6000 
magnification, are given in Fig. 6. Electron micrographs of diatoms have been taken by several workers [11], 


* Some of the micrographs were taken by V. I. Aleksashin in the Physics Department of the Moscow Power 
Institute, and others in the Laboratory of Electron Microscopy of the Moscow Peat Institute, 
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Fig. 6. Electron micrographs of diatoms (x 3500-6000) found in coarse detrital and fine 
detrital sapropels. 


as diatoms are sometimes used as “test objects" for determining the resolving power of both optical and electron 
microscopes, In an electron-microscopic investigation of clays, mainly of marine origin, Vikulova [12] also 
found fragments of diatoms, It is clear from Fig. 6 that the diatoms in sapropels vary greatly in form. 


The experiments on the production of photographs of the fine fraction of sapropels by means of the electron 
microscope show that this method is suitable for investigations of the dispersity and microstructure of sapropels. 


SUMMARY 


1. For purposes of sedimentometric analysis, the true densities of settling particles in coarse detrital, fine 
detrital, and calcareous sapropels has been determined and their variations with particle size studied. 


2. Particle size distribution curves have been plotted for the three commonest varieties of sapropels; the 
curves were found to have several maxima due to particle size heterogeneity and also to the heterogeneous 
composition of the individual components of the sapropels. ; 


3. The specific surface of all the sapropel fractions (8000-14,000 cm’/g) has been determined; this is some- 
what less than for peats of a moderate degree of decomposition. The inhomogeneity coefficient f for sapropels 
was found to lie in the range 9-88, 

4, It was found that when sapropels are frozen* they are coagulated with a resultant considerable decrease 
of dispersity. 

5. In order to obtain complete distribution curves, the highly disperse fractions of sapropels were investi- 


gated by means of the electron microscope. 


6. The electron micrographs were used to study the shapes and densities of the particles in the fine 
sapropel fractions, Diatoms of various shapes were found in several of the micrographs. 


The Moscow Petroleum Institute Received May 6, 1957 


* This was demonstrated for peat by A. V. Dumansky in 1936, 
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COMPATIBILITY OF NITROCELLULOSE WITH 
BUTADIENE — ACRYLONITRILE COPOLYMERS 


4, RELAXATION PROPERTIES OF BINARY MIXTURES 


SOO toMri. Vell. Alekseenko andl, bonkalinina 


Deformation of high polymers is accompanied by complex regroupings of the flexible chain molecules, 
in which the forces acting between the molecules are overcome and their equilibrium positions are disturbed. 
Any increase of chain order during deformation brings the system into a stressed, thermodynamically unstable 
state, Relaxation is the process of establishment of a new state of equilibrium in a deformed body, occurring 
under the influence of thermal motion and leading to a decrease of internal stresses. The time required for this 
process increases with increasing height of the potential barriers, with increasing energy of molecular interaction, 
and with decreasing energy of thermal motion, The changes which take place in polymer systems as the result 
of plasticization are in many respects analogous to the changes produced by increases of temperatures. 


The present investigation consisted of a study of relaxation of stress in films of mixtures of nitrocellulose with 
butadiene ~ acrylonitrile copolymers of different polarities, in order to clarify the mechanism of plasticization with 
high-molecular plasticizers. Use was made of theoretical concepts [1, 2] whereby it was possible to reveal certain 
characteristics of the structure of the mixtures and the nature of the intermolecular interaction. 


Films used in the experiments were prepared, by the method described previously [3], from solutions of 
mixtures of nitrocellulose with butadiene — acrylonitrile copolymers containing the following percentages of acry- 
lonitrile groups: 


Copolymer 1-18.4% Copolymer 3-37.7% 
Copolymer 2-28.6% Copolymer 4-44,4% 


The relaxation of stress at constant deformation was determined with the aid of a Polanyi dynamometer of 
the usual type with a thermostatic attachment, The temperature near the specimen was measured by means of 
a thermocouple, The temperature fluctuations during the experiments as a rule did not exceed one degree, 


The dynamometer dial was turned to lower the micrometer screw with the casing attached to the 
instrument tableat a distance corresponding to the required elongation. The upper part of the table with the 
lower clamp was then raised by hand until the distance between the clamps became equal to the length of the 
test portion of the specimen. After the specimen had been clamped, the light spot from an illuminated mirror 
was directed onto the zero reading of the scale to establish the zero point. The lower clamp was then lowered 
to the position established earlier, by a rapid but smooth movement of the hand. 


At the beginning of the experiment, when the stress decreased fairly rapidly, the scale readings were taken 
at intervals of 15 seconds, and subsequently at intervals of 30 seconds and more, 


As an example, Fig. 1 shows curves for stress relaxation at elongation equivalent to 25% of the elongation 
at break, for films made from mixtures of nitrocellulose with butadiene acrylonitrile copolymer 2, Similar 
relaxation curves were obtained for films containing other copolymers, 


The results indicate that pure nitrocellulose has high elastic properties: the decrease of stress during 90 
minutes was very small, only ~ 8%. There was a general tendency to an increase of the relaxation rate with 
increasing contents of butadiene~ acrylonitrile copolymers in the mixture in all cases. 


15 


300 


Fig. 1. Stress relaxation curves for nitrocellulose films containing 


butadiene acrylonitrile copolymer 2: 
1) 0%; 2) 20%; 3) 40%; 4) 50%; 5) 60%; 6) 80%); 7) 100%, 


700 


SS 


BAC 9 
NC 100 60 60 40 20 ] 
Film composition, wt, % 0 20 4Q min 
Fig. 2. Effect of film composition on stress decrease. Fig. 3. Stress relaxation curves for nitrocellulose 
1) Nitrocellulose film containing butadiene —acrylon- films containing 80% of butadiene~ acrylonitrile 
itrile copolymer 1; 2) the same, with copolymer 2; copolymer 2, 
3) with copolymer 3; 4) with copolymer 4, 1) 22° and 320% elongation; 2) 22° and 100%; 
3) 40° and 300%; 4) 40° and 100%; 5) 60° and 
Kozlov [4] established experimentally the exis- 500%; 6) 60° and 300%, 


tence of two groups of relaxation times in high poly- 

mers, and pointed out that rapid relaxation processes are the result of changes in the configuration of the chain 
molecules; in other words, disorientation of the chain segments occurs; slow relaxation processes, on the other 
hand are associated with regroupings of the whole molecules or large regions of them, and depend on the aggre~- 
gate energy of interaction of all the chain segments, 
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The ‘stress-tiime curves at constant elongation for the systems studied descend relatively steeply at first, 
and then tend asymptotically to certain constant values, indicating that equilibrium slowly becomes established 
at the given temperature, 


The data obtained for all the different mixtures were used to calculate the decrease of stress (as a percent- 
age) in a relaxation time of 90 minutes, The decrease of stress ( ) was calculated from the formula 


oO; —-O 
ee +400, (1) 


inst 
Sinst is the instantaneous value of the stress; Ogg is the stress after 90 minutes. 


The decreases of stress as functions of the film composition are plotted in Fig. 2. It is seen that at low 
contents of butadiene~ acrylonitrile copolymers, when they are dissolved in the nitrocellulose and the mixture 
is relatively homogeneous, the greatest stress decreases are found for the least polar copolymers, with the highest 
contents of butadiene groups which, in our view, are responsible for the plasticizing effect of these copolymers. 


The situation is reversed with higher contents of butadiene — acrylonitrile copolymers in the mixtures. For 
equal copolymer contents in the systems, the greatest stress decreases are found with the most highly polar copoly- 
mers. The reason is that in this case an important part is played by the compatibility of the butadiene —acry- 
lonitrile copolymers with nitrocellulose, resulting in the formation of homogeneous systems which have the 
greatest tendency to relaxation. Conversely, if nitrocellulose is mixed with an excess of a weakly polar copolymer, 
a heterogeneous mixture, a kind of emulsion of one polymer in another, is formed, In such cases the high-elastic 
butadiene—acrylonitrile copolymer acts as the external phase and largely determines the relaxation properties 
of the mixture, The decreases of stresses are therefore smaller, as is seen in the diagram in Fig. 2. It may be 
noted that this conclusion concerning the poor compatibility of weakly polar polymers with nitrocellulose is in 
full agreement with the phase separation in such mixtures in solutions [5]. 


The curve for nitrocellulose~ copolymer 1 mixtures, with two inflection points, is noteworthy, In our 
opinion this form of the curve is a consequence of heterogeneity of the mixture. If the more polar copolymer 
2 is mixed with nitrocellulose, the inflection points on the curve become less pronounced, while in presence of 
copolymers 3 and4 they disappear entirely. 


In a discussion of the mechanism of relaxation effects accompanying high-elastic deformation it was 
established [1] that the rate of partial or total restoration of equilibrium configuration of the molecular chains 
is primarily determined by the nature of the intermolecular forces, Thus, studies of the relaxation effects 
accompanying high-elastic deformation can reveal the relationships between relaxation properties and the nature 
of the intermolecular interaction in high polymers. 


The authors cited [1] derived an approximate equation to represent the process of the establishment of 
equilibrium: 


de C-—— ¢ 


d (6 —o,,) : 
oor repel Ca Meme 9 arg ogame (2) 


dt 


where 6 and 0, are the instantaneous and the equilibrium stresses; € is the deformation; t is the time; Ey and 
Egg are the initial and the equilibrium modulus respectively; T is the relaxation time. 


Equation (2) is essentially a simple generalization of the Maxwell equation, and is suitable only for quali- 
tative description of relaxation processes in high-elastic deformation, Even then it is suitable only for the 
region of temperatures, deformation rates, and observation times in which: a) the value of the modulus Ej remains 
low, indicating that the rapid relaxation process of restoration of short-range order equilibrium,ignored here, 
is relatively complete; b) there is no cleavage of chemical bonds, leading to irreversible changes of structure on 


deformation. 


The authors also concluded from their results that the relaxation time as a function of the stress may be 
represented by the following equation: 
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V 
Uo OF, (o —9,,)? (3) 
T= To eCXp™ kT 


where Ty is a constant independent of the experimental conditions; uy is the activation energy of an elementary 
structural change, which is essentially the relaxation; V is the volume of a kinetic unit of relaxation; k is the 
Boltzmann constant; E, = Ej Egg; T is the absolute temperature, Equations (2) and (3) can be used for approxi- 
mate quantitative description of relaxation processes in high-elastic deformation of high polymers. 


The coefficient of © dake in Equation (3) has a definite physical meaning. It is particularly important 
that the expression contains V, the volume of the kinetic unit of relaxation, without which an uncertainty 
remains in the concept of the activation energy uy. This is because the dimensions of the structural unit to 
which uy should be referred are not known [6]. The presence of the two constants uy and V, which relate the 
mechanical properties of a polymer to its physical structure, makes it possible to characterize the structural 
features of the systems under consideration. 


We tested the applicability of the foregoing views to mixtures of nitrocellulose with butadiene acryloni- 
trile copolymers. The study had to be confined, of course, to mixtures which were in the high-elastic state 
under the experimental conditions, and the relaxation of which could be investigated by the usual methods. 
Stress relaxation was studied at temperatures between 6 and 80°, with initial deformations of 15 to 500% of the 
original specimen length. 


As an example, Fig. 3 shows typical stress — time curves for nitrocellulose films containing 80% of copolymer 
2, for different temperatures and elongations. 


; de : 
For stress relaxation at constant elongation, when ot = 0, Equation (2) becomes: 


d di 
T= (Se). (4) 


Equation (4) was used to analyze the experimental curves by the method of finite differences, for graphical 
determination of the instantaneous values of the relaxation time corresponding to the chosen stress values, in 
accordance with the expression 


At 
ts —— (9 — Ga); (5) 


where 0,, is the equilibrium stress corresponding to the given deformation and temperature, Correct determination 
of the equilibrium stress is very important in this method of calculation, There have been several publications 
on the conditions of attainment of equilibrium stresses [7-10]. The method used by us for determination of 
equilibrium stress was similar to that used by Meyer and Ferri [11] for rubber, This method has been improved 
and experimentally verified [1, 12]. The experiments showed that the equilibrium stress for all the mixtures 
studied, and also for the pure copolymers is, as a rule, close to zero. 


Expression (3) may be simplified by writing: 


©" == %, Oxp ae , (6) 
B p24 V 
~ Sheer (7) 


It should be noted that T* and g depend on the temperature but not on the nonequilibrium value of the stress. 
Substituting the above expressions into Equation (3) and taking logarithms, we obtain the equation 


log tT =log t* — (¢ — o,)?. (8) 
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TABLE 1 


Values of T* and g for Butadiene~ Acrylonitrile Copolymers at Different 
Temperatures and Elongations 


nO 4 O 
oe |Elonga- 8 v°_ | Elonga- 
e ® | tion, % * 231% ae tion, % sh 108 
o | ’ . o a » (0 Tv 53 
Sia {4 | 
\ 
Copolymer 4 Copolymer 3 
3 | 50 239.9 | 10,6 
10 100 138,0 15,4 3 100 204 ,2 1.4 
10 200 151.4 ie Fs: 10 100 112.2 2.41 
10 200 123.0 3,0 
- 100 962.3 9.20 
200 63, 
Copolymer 2 uF aoe 
t4cfe 100 ova4e.264 | 7.7 popetymer 4 
14 200 107.2 4.25 
22 100 63.10 hed 14 300 ge 4) a 242 
22 150 69.18 3.62 22: 375 9.18 2.29 
30 100 43.66 16,65 32 500 4.67 | ic?) 
ee ee ——EE— SE eee 
| 8 200 400 600 600 1000 
| (5-6)? kg? -cm™4 
: 
00 
’ tg ae see ey Fig. 5. Variation of log T with (o ibe for 
nitrocellulose films containing 80% of 
Fig. 4. Variation of log T with (0 Og)" for copolymer 2: 
nitrocellulose films containing 80% of 1) temperature 6°, elongation 300%; 2) 6° and 
copolymer 1: 100%; 3) 20° and 320%; 4) 20° and 100%; 
1) temperature 22°, elongation 16%; 2) 22° and 5) 60° and 500%; 6) 60° and 300%, The values 
40%; 3) 22° and 50%; 4) 10° and 32%; 5) 12° of (5 —0y)* are taken along scale B for 1-4, 
and 100%, and along scale A for 5 and 6, 


It was found, in agreement with this equation, that plots of the experimental values of log T against the 
square of the nonequilibrium part of the stress are satisfactorily linear both for the pure copolymers and for the 
mixtures of nitrocellulose with butadiene acrylonitrile copolymers, In Figs. 4 and 5 log T is plotted against 
(0,30 ale for nitrocellulose films containing 80% of butadiene~ acrylonitrile copolymers 1 and 2 respectively. 


The experiments showed that whereas for mixtures of nitrocellulose with copolymers containing not less 
than 28% of polar nitrile groups in the molecule the limiting relaxation time at a given temperature is practically 
independent of the elongation, in the same way as for smoked sheet rubber and rubber bromide [1], mixtures 
containing the weakly polar copolymer 1 do not conform to this, Consequently, the foregoing theoretical quan- 
titative relationships for relaxation processes are evidently applicable only to sufficiently ei aeS systems, 
The limiting relaxation time T* was found from the intercept cut off by the log T, (0 05) line along the 
ordinate axis; 8 was found from the tangent of the angle formed by this line and the abscissa axis, 
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TABLE 2 


Values of T* and B for-Mixtures of Nitrocellulose with Copolymers 1, 2, 3, and 4 at 
Different Temperatures and Elongations 


Temper- Elonga- ane Temper-| Elonga- de Biggs 
ature, °C | tion, % 7” 253 ature, °C| tion, % 2.3 
80 % Copolymer 1 80 % Copolymer 4 
12 100 79430 3.16 14 200 17738 5,06 
18 32 2630 3.0 20 225 114.8 3.33 
22 16 199.5 4.6 20 540 120.2 2.03 
22 40 891.3 3.9 40 100 63.10 61.33 
22 50 1778 3.52 40 300 56.23 26.7 
80 % Copolymer 2 60 % Copolymer 2 
6 300 955 0.72 40 50 2399 125.2-410-? 
6 500 912 0.69 50 | 75 1778 530- 10-2 
22 100 398.4 10.0 60 100 1259 910-10-2 
22 320 501.2 6.10 
60 300 154 2 94 60 % Copolymer 3 
60 500 444 62 
; ; 12 50 2089 9.4-10-2 
80 % Copolymer 3 22 100 | 1096 47,9-10-2 
40 100 575.4 299.0-10" 
3 450 645.7 0.86 40 200 645.7 250-40 
22 350 257.0 | 30.8 
22 700 204.2 | 16.3 80% Copolymer 4 
40 100 83.18) 160 
a ann cr a 15 50 | 524.9 | 10,25-40-2 
22 20 331.4 102-10-? 
22 60 381.1 39-1072 
40 60 173.8 56.6-10-? 
40 150 151.4 44.1-410-? 

The terms T* and g characterize the values of ug 
and V. The physical meaning of T* and g ata given 
deformation and temperature is as follows, If the relax- 
ation of a high polymer is regarded as a regrouping of 
the molecular bonds with relative displacements of chain 
segments, then T* represents the average time of existence 
of such bonds or the time interval between two elementary 
acts of regrouping in the case of ordinary diffusion of the 
structural elements of polymers, Reznikovsky states that 
the less frequent such regroupings are, the greater is this 
value, Consequently, the limiting time of relaxation is 
a certain measure of the stability of the elementary 
bonds and, as follows from Equation (6), it is directly 

a6 1077 related to the activation energy of the relaxation process. 

The constant 8 should be regarded as a measure of the 

Fig. 6, Variation of log T* with 1/T for pure effect of the external stress on the stability of such 
copolymers and for nitrocellulose films contain- elementary bonds, This effect evidently increases with 
ing various amounts of butadiene—acrylonitrile decreasing numbers of such bonds in the system. The 
copolymers: numerical value of 6 is thus ameasure of the concen- 
1-4) copolymers 1, 2, 3, and 4; 5) nitrocellulose tration of elementary bonds in the polymer, 
containing 80% of copolymer 2; 6) the same, Data hor nek 1 
with copolymer 3; 7) the same, with copolymer ; pitas i sal eho be oe pronto 
4; 8) nitrocellulose containing 60% of copolymer nitrocellulose containing 80 and 60% of butadiene— 
2; 9) the same, with copolymer 3; 10) the same, acrylonitrile copolymers are given in Tables 1 and 2, It 


with copolymer 4, is seen that for the pure copolymers the values of T* 
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TABLE 3 depend on the temperature and change very little with 


Oa F : deformation; the value of 8 decreases considerably with 
Activation Energy of the Relaxation Process in . 


eat nate increasing degree of elongation in relaxation. It follows 
" niet Naan eel. - that the activation energy remains constant during the 
Copolymer 1 10.7 deformation process, and only the volume of the kinetic 
Copolymer 2 10.7 unit of relaxation changes. Increase of the nitrocellulose 
Copolymer 3 ° 10s content in mixtures leads to a decrease of the volume of 
Copolymer 4 TON the kinetic unit of relaxation, i.e., to retardation of the 
Nitrocellulose film, relaxation process. In mixed systems B also varies with 
containing 80% of copolymer 2 6.3 temperature, evidently owing to a decrease of the number 
containing 80% of copolymer 3 9.5 of bonds with increase of temperature, and this should 
containing 80% of copolymer 4 7.12 therefore be accompanied by an increase of V. 
containing 60% of copolymer 2 5.3 ee ’ LN, 
a The value of 6 is highest for mixtures containing 
containing 60% of copolymer 3 7.85 ar ; : 
eb copolymers 3 and 2, and it is considerably lower for mix- 
containing 60% of copolymer 4 6.92 


tures containing copolymers 4 and 1. Therefore in the 

former case the system has a smaller bond content, larger 
volumes of the kinetic units, and a higher relaxation rate, i.e., the plasticizing effects of copolymers 3 and 2 on 
nitrocellulose are considerably greater than the effects of copolymers 4 and 1. This confirms the general princi- 
ples stated by us earlier [3]. 


On the basis of the assumption that polar polymers contain fixed and relatively stable intermolecular 
bonds, the relationship between the mechanical properties and the structural characteristics of the mixtures can 
be explained as follows. When nitrocellulose is mixed with butadiene~ acrylonitrile copolymers, definite local 
bonds are formed between unlike molecules, analogous to the bonds between active groups of the same polymer. 
The hydrocarbon regions of the copolymer chains shield the polar groups and weaken the total interaction between 
the polymer molecules. As a result, a kind of network structure of variable character is formed in the system, 


The decrease of 8 in the course of deformation indicates an increase of local bond concentration owing to 
increased interaction between the chains when the specimen is stretched. The fact that T* depends on the 
temperature means that the bonds formed by accidental localization of van der Waals forces of attraction vary 
in strength, so that the effect of temperature on these bonds also varies. 


The fact that T* for polymer mixtures depends on the polarity of the components shows that interaction be- 
tween the polymer molecules is determined mainly by bonds at the polar groups, Therefore polarity is the deter- 
mining factor in polymer compatibility. In the mixtures studied, such bonds can be formed by the active groups 
present in the polymer molecules, such as polar NO, groups, CN, groups which cause hydrogen bond formation, 
etc. The fact that T* does not depend on elongation for the various systems shows that elementary local bond 
energy does not undergo any changes on deformation, 


The activation energy uy can be determined from the relationship between temperature and the logarithm 
of the limiting time of relaxation, in accordance with Equation (8). These relationships for the pure copolymers 
and for mixtures of nitrocellulose with different copolymers are plotted in Fig. 6. The values of the activation 
energy calculated per nominal mole (a mole of "kinetic units of relaxation") calculated from these relationships 
are given in Table 3, 


As was to be expected, the activation energy is the same for all the pure copolymers, as the bonds which 
determine the elementary regroupings or changes of molecular configuration during relaxation are of the same 
nature in all cases (the bond energy at nonpolar groups can be neglected in the first approximation). 


The lower activation energies for mixtures are difficult to understand at first sight, as in view of the 
strongly polar nature of the nitro group it is difficult to believe that the activation energy of relaxation should 
be less for nitrocellulose than for butadiene — acrylonitrile copolymers. 


However, the explanation for the experimentally observed decrease in the case of mixtures is that close 
approach of the polar groups of the two polymers is hindered by purely steric factors, associated with the structure 
of the molecules. This should decrease the energy of the bonds formed and lower the activation energy of relax- 
ation accordingly. However, additional and detailed investigation of this is required. 
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SUMMARY 


1. All the investigated binary mixtures of nitrocellulose with butadiene—acrylonitrile copolymers show a 
general tendency to an increase of the relaxation rate with increasing copolymer content. 


2, At low contents of butadiene— acrylonitrile copolymers, when they are dissolved in the nitrocellulose 
and the mixture is sufficiently homogeneous, the greatest decrease of stress on relaxation is found in copolymers 
with the highest contents of butadiene groups, while the situation is reversed with higher contents of the butadiene — 
acrylonitrile copolymers. The probable reason is that at higher elastomer contents the compatibility of buta- 
diene— acrylonitrile copolymers with nitrocellulose, which increases with increasing polarity of the copolymer, 
begins to be important. 


3. The limiting relaxation time T*, which represents the time interval between two elementary acts of 
molecular regrouping, is independent of the degree of deformation only for mixtures of nitrocellulose with 
copolymers containing 28.6% of acrylonitrile groups or over, i.e., for fairly homogeneous mixtures, 


4, The dependence of the constants 8 and T* on temperature and deformation, and comparisons of the 
values of these constants for different mixtures, have been used to establish a direct relationship between the 
nature of the intermolecular interaction of the components and the relaxation properties of the mixtures. 


5. The activation energy of relaxation is the same, 10.7 kcal./mole, for all the pure butadiene—acrylo- 
nitrile copolymers, The reason is that the local bonds are of the same nature in all the copolymers. The acti - 
vation energy for mixtures of nitrocellulose with the copolymers is somewhat lower, in the range of 5,3-7.8 
kcal./mole. It is possible that this lower value of the activation energy is the consequence of purely steric factors, 
which prevent close approach between the polar groups of the two polymers in the mixtures, 
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THE HEATS OF HYDRATION OF SOME CATIONSAND THE EFFECT OF 
THEIR ADSORPTION ON THE STRUCTURE OF SILICA GELS 


Soe Vysotskiin-aad V."V. Shalta 


It is known [1] that when silicic acid hydrogels are washed with solutions of different electrolytes, products 
of different porosity are formed; an important part is played by the pH of the medium [2], which influences the 
nature of the ion exchange processes involved [3]. The mechanism of porous structure formation of hydrophilic 
sorbents has been studied [4-9], several factors which influence the silica gel structure being investigated; how- 
ever, the published data on the influence of individual cations on the pore structure of the resultant dry gel are 
fragmentary [10], and this question has not yet been studied systematically. 


The present investigation consisted of a study of the influence of the nature of certain cations adsorbed by 
silicic acid hydrogels on the structure of the dry silica gel. 


Preparation of silica gels. A silicic acid sol with pH < 4.4 was made by addition of 2.25 volumes of an 
aqueous solution of chemically pure NagSiO; (d = 1.154) to 1 volume of HCl solution (d = 1.099); the pH of the 
hydrosol and wash liquors was determined by means of a range of indicators. After gelation and aging until the 
start of syneresis (about 5 days), the gel was divided into portions and repeatedly washed by decantation with 
the following solutions: HC1 (pH * 3.5), 0.1 N NaHCO, (pH 10-11), 0.1 N KHCOg3 (pH 10-11), a solution, satu- 
rated at 20°, of Ca(HCOg) (pH 7.2-8.8), 0.1 N NaCl (pH 6,2-7.2) and 0.1 N CaCl, (pH 6.2-7.2). The washing 
was continued for two weeks, until the pH of the wash liquors returned to their original values, One part of each 
sample was then dried, and another washed with distilled water for a week before being dried. All the samples 
were dried at room temperature, 


G2 Q¢ C6 ae 10 G2 04% G6 a {0 Q2 04 06 06/2 


Fig. 1, Isotherms for the sorption of CHgOH vapor on silica gels of Series I, II, 
and III, washed with: 

1) HCl; 2) Ca(HCO,)); 3) NaHCO3; 4) KHCOs; 5) CaCl); 6) NaCl. Black dots 
represent desorption. 
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ACA Bil Ed 


Structural and Sorptional Characteristics of Silica Gels Treated With Electrolyte 
Solutions 


Volume of adsorp- el wt 
Adsorbed | tion space in cc/g Tees Specific | Heat of 


: : i POTS surface | hydration 
Series | Sample jcations PREETI Fe radius in| jp ade of cation, 
sorption |CH,OH A kcal./g-ion 
4s Jefe gH, cliptnenn ens leegsgh ss sae 
I 4 H+ 0.26 0.30 10 660 259 
2 Ca?+ 0,61 0.62 15 470 174.5 
3 Nat 0.60 0.58 35 230 97 
4 Ke 0.49 0.45 40 135 77 
II Hy) Ca?+ 0.67 0,71 20 495 _ 
6 Nat 0.74 0.80 27 435 _— 
7 Kt 0.74 0,78 30 320 — 
Ill 8 Ca?+ 0.50 0,52 15 995 _ 
9 Nat 0.46 0.45 17 520 — 


The structural and sorptional characteristics of the silica gels were determined with the aid of isotherms 
for the sorption of methyl alcohol vapor at 23° in a vacuum apparatus with a quartz spring balance, The 
isotherms were used to calculate the adsorptional volume Vs, the specific surface S, and the predominant pore 
radius r of the silica gels. In addition, the static activity of each sample was determined by adsorption of 
benzene from saturated vapor, from which Vg, could also be calculated. 


The results of the determinations and the calculation data are given in Tables 1 and 2, and the isotherms 
of CH3OH sorption are shown in the diagram. 


The first series of silica gels in Table 1 was washed with solutions of bicarbonates (Samples 2-4) and HCl 
(Sample 1); the occluded electrolyte solution was not washed out before the drying; in the second series, 
Samples 5, 6, and 7 were washed to remove excess bicarbonates occluded with the solutions, Finally, Samples 
8 and 9 of the third series were washed with chloride solutions and washed with distilled water before being 
dried. 


It follows from Table 1 that if the wash liquor is strongly acid (pH 3.5, Sample 1), the silica gel acquires 
a finely porous structure, If the medium is weakly acid, neutral, or alkaline, i.e., if the aging and drying of the 
gel takes place under conditions when cation exchange is possible and metal cations replace H* on the surfaces of 
the silicic acid micelles, the dry silica gels have a more coarsely porous structure, This result is in agreement 
with earlier findings of other authors [7-10, 11]. 


At the same time, as far as we are aware, the earlier workers did not correlate the influence of the cations 
adsorbed by the silicic acid micelles on the silica gel structure with the properties of these cations, There has 
only been an attempt [6] to explain the effects of electrolyte treatment of hydrogels in relation to the ionic radii 
of the Ht and Al** cations, and to attribute the formation of finely porous silica gels in acid media to weakening 
of hydrogen bonds between the micelles as the result of adsorption of H+ and AlO*, 


Our results show the existence of a direct relationship between the heats of hydration of the cations studied 
[12] and their influence on the pore structure of the dry silica gels (especially on the pore radii and specific 
surface), The lower the heat of hydration in the series Ht > Ca** > Nat > Kt, the more coarsely porous is the 
resultant silica gel, and the less is its specific surface. This is illustrated very, clearly by the relative positions 
of the isotherms for Samples 1-4 in Fig, 1,l. 


The above relationship holds for the samples of all three series of silica gels. In Table 1,data for the 
H* ion are given once only, for Series I, as washing with distilled water after washing with bicarbonate solutions, 
or addition of chlorides to the acid medium with pH * 3,5 does not change the structural and sorptional charac- 
teristics of the silica gels, The difference between the samples in Series I, II, and III lies in the fact that the 
observed relationship between the heats of hydration of the cations and the silica gel structure is most pronounced 
in samples which had not been washed free from occluded 0.1 N solutions (Series I), in Series II (Table 1 and 
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TABLE *2 


Effect of Washing of Dry Silica Gels with Water and HCl (1:1) on Their 
Adsorptional Volume 


Sample Adsorbed 
cations 


Adsorptional volume in cc/g, from adsorption of CgH, 


directly after 
drying 


after washing with B 
distilled water | HC1 solution (1:1) 
and distilled water 


2 0.58 
3 0.59 
4 0.52 


Fig. 1, II) the differences of pore structure are somewhat less, but conform to the same relationship. Finally, 
Samples 8 and 9, washed with chlorides (Table 1 and Fig. 1, III) also show a small increase of the specific 
surface as the result of adsorption of Ca?" as compared with the adsorption of Na* ions, The results in Table 
2 show clearly that the adsorptional volume is influenced by the adsorbed cations, and not by the traces of 
occluded electrolytes, 


We attempted to correlate this connection between the heats of hydration of the cations and the influence 
of their adsorption on silica gel structure with the existing theories on the formation of the pore structure in silica 
gels, 


Poliakov et al. [4] put forward the view that the nature of the silicic acid micelles has a decisive influence 
on the structure of the silica gel, which is formed mainly during dehydration. Because of errors in some un- 
important details, this view was unfortunately abandoned, and the theory of Veselovskii and Seliaev gained wide 
acceptance [5]. 


According to this theory, the nature of the porosity of a silica gel depends on the degree of shrinkage of the 
hydrogel during drying. Shrinkage of the gel framework occurs mainly under the influence of capillary pressure 
P= 20/r, where o is the surface tension of the intermicellar liquid and r is the pore radius. The strength of the 
gel framework increases with increasing shrinkage, and the latter ceases when the strength becomes high enough 
to withstand the capillary pressure. All factors which decrease o (temperature, surface-active agents, etc.) or 
increase the strength of the hydrogel framework (dehydration of the surface of the framework, increase of pH, 
heating, etc.) favor the formation of more porous silica gels, Therefore according to this theory the state of the 
micelle surface becomes less important and the decisive role is attributed to the surface tension of the inter- 
micellar liquid which, in the view of these authors, mainly determines the capillary pressure. 


In the theory advanced by Plank [6], changes of the pore structure during drying of the hydrogel are virtually 
ignored, and it is postulated that the structure of the dry gel is predetermined by the process which takes place 
during gelation, syneresis, and washing of the hydrogel with electrolyte solutions. Plank ascribes the decisive 
influence to intra- and intermicellar bonds which, in his opinion, are hydrogen bonds formed directly between 
the micelle surfaces or between the micelle surfaces and the intermediate layers of water molecules. Adsorption 
of cations at OH groups influences the pore structure by weakening the hydrogen bonds. According to Golder- 
bitter [11], adsorption of cations (apart from H*) results in the formation of a more porous structure, because 
condensation of silicic acid according to the scheme 


~ ae Die wh 
—Si— OH + HO— Si— + H,0 + —Si—O—Si— 
ys a / ~ 


with formation of siloxane bonds and corresponding shrinkage of the framework then becomes impossible. Im- 
portant experimental results were obtained by Boreskov et al.[7], and also by Neimark and his associates [8, 13]. 


Nevertheless, it seems probable to us_ that the influence of adsorbed metal cations on silica gel structure 
is not confined to an easing of micellar aggregation and strengthening of the gel framework, The decrease 
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in the hydrophilic properties of the hydrogel as the result of cation adsorption must inevitably lead to a decrease 
of the capillary forces which, as is known, depend not only on 0 of the intermicellar liquid, but also on the degree 
of wetting of the micelles with this liquid. (Incidentally, it is very likely that in a number of cases the influence 
of the wettability of the hydrogel framework may be more important than the influence of 9), This view 
was put forward by one of us earlier [14]. Recently Schultze [15] has published an interesting paper in which 
capillary effects are explained in terms of wettability only, and the role of the surface tension of the wetting 
liquid is rejected entirely. 


Our experimental results can be explained either in terms of decreased wetting, or in terms of an increase 
of micellar aggregation on adsorption of metal cations, as both these factors act in the same direction — they 
increase the porosity of the silica gel. Since the influence of cation adsorption on the wettability of clays, 
studied by Dumansky and Ovcharenko [16] is analogous to their action on silica gels, it is likely that the pre- 
dominant effect of adsorbed cations is on wettability. These authors arranged cations in the following series by 
their influence on the wettability of clays: Ca** > H* > Na* > Kt. Our isotherms for the sorption of CH3OH show 
that the degree of aggregation increases in the series H* < Gi). Nepaek 


The aggregation mechanism of silicic acid micelles is still obscure, For instance, Golderbitter [11] 
believes that adsorption of cations prevents condensation (aggregation) of silicic acid, whereas Neimark [10] 
holds the directly opposite opinion, It has been reported [17, 18] that bivalent calcium ions are capable of pre- 

2 ~ - 
serving bonds of the type >Si-O-Si— by entering them and forming >Si-~O-Ca—O~Siz= bonds, but that uni- 


valent sodium can rupture such bonds; this leads to the logical conclusion that calcium ions should assist micelle 
growth to a greater extent than sodium (or potassium etc.) ions. However, this is not supported by published data 
[10] and the results in this paper. The question of the mechanism of micelle aggregation in silicic acid as the 
result of adsorption of metal cation therefore remains open. 


SUMMARY 


1. Adsorption of Ht, Ca”*, Na* and K* ions by silicic acid hydrogels influences the structure of the dry 
silica gels. 


2. There is a direct connection between the heats of hydration of H*, Ca”*, Na* and K+ ions and their 
influence on silica gel structure, 


3. Loss of hydrophilic properties of the hydrogel surface at regions where metal cations are adsorbed results 
in the formation of more coarsely porous silica gels, probably not only because of easier aggregation of the 
micelles at these regions, with a strengthening of the gel framework, but also because of (and probably, mainly 
because of) decreased wettability of the gel framework with water, and a consequent decrease of the capillary 
forces. 
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THERMOMECHANICAL INVESTIGATION OF EPOXIDE RESINS 


L. I. Golubenkova, B. M. Kovarskaia, M. S. Akutin andG. L. Slonimskii 


Our previous communication [1] contained the results of a study of the hardening of ED-6 grade epoxide 
resin (with 1 : 2.3 molar ratio of diphenylolpropane to epichlorohydrin) in presence of amines and resole phenol— 
formaldehyde resins. It was shown that in the hardened state these resins are tridimensional structures with 
infrequent long and flexible cross links, giving rise to high elasticity at elevated temperatures. As these resins 
have higher elasticity than phenol~ formaldehyde resites, they can be used as lacquers, adhesives, and coatings. 
Recently several new grades of epoxide resins have been synthesized by condensation of diphenylolpropane and 
epichlorohydrin in various molar ratios, These resins have different molecular weights and epoxy group contents. 


In the present investigation a thermomechanical study was made of the hardening of epoxide resins of dif- 
ferent grades: ED-5, ED-6, ED-13, and ED-15, details of which are given in the Table, 


Characteristics of Epoxide Resins 


Grade of epoxide | Molar ratio of diphenyl- | Epoxy group | Molecular 


resin olpropane to epichloro- content, % weight of 
yarn eee Tesin 
ED-95 1:5 25 400 
ED-6 1:2.3 15 500 
ED-13 1:1.5 8-10 1500 
ED-15 1:1.2 Zi) 2000 


Data for the deformation— temperature (thermomechanical) curves were determined by means of the dyna- 
mometric balance [2] for the original resins, and by means of the consistometer [3] for the hardened specimens. 
The deformation—temperature relationship plotted in Ag. 1 (for applied constant stress 6 = 0,07 kg/cm?) shows 
that the epoxide resins are of low molecular weight, i.e., they pass from the glassy into the viscofluid state 
without an intermediate region of high elasticity, The glass transition points of the resins are between 5 and +50°, 
At room temperature, ED-5 and ED-6 resins are viscous liquids, and ED-13 and ED-15 resins are brittle solids, 
The different states of aggregation of these resins at room temperature and the rapid hardening of ED-13 and 
ED-15 resins on addition >f hardeners at the melting points of these resins (45-55°) makes further molding of the 
specimens difficult, A different method from that used in the previous study [1] was used for preparation of 
hardened resins of different grades under the same conditions, The hardener (polyethylene polyamine) was 
added to acetone solutions of the epoxide resins, Removal of the solvent and hardening of the resin took place 
over a period of 30-45 days at room temperature, 


In a number of papers epoxide resins in their initial state are described as low-molecular thermoplastic 
substances, ise,, substances which do not harden without addition of suitable hardeners, However, our investigations 
showed that above a certain molar ratio of the original components (diphenylolpropane and epichlorohydrin) 
these resins acquire thermosetting properties, i.e., they become capable of hardening at temperatures of the 
order of 200°. 


At1:1.5 molar ratio of diphenylolpropane to epichlorohydrin (ED-13), the resin heated for 10 hours at 200° 
forms gelatinous products which swell strongly and partially dissolve in acetone, With decreasing proportions of 
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Deformation (microns) 


Fig. 1. Deformation— temperature curves 
for epoxide resins: 
1) ED-5; 2) ED-6; 3) ED-13; 4) ED-15. 


Deformation (mm) 


20 40 60 80 100 120 140 160 180 200 220 °C 


Fig. 3. Deformation— temperature curves 
for epoxide resins hardened with 6.5% of 
polyethylene polyamine (a), and addition- 
ally heated at 150° for 10 hours (b): 

1) ED-5, 2) ED-6, 3) ED-13, 4) ED-15, 


epichlorohydrin (starting from 1:1.2) the resins (ED-15), 
when heated for 10 hours at 200°, yield strong products, 
which are elastic at high temperatures, and which swell 
slightly and are practically insoluble in acetone, The 
physicochemical properties of ED-5 and ED-6 resins 
(solubility, viscosity, glass transition temperature, etc.) 
are not altered appreciably by the action of heat under 
the same conditions, 


Deformation— temperature curves (0 = 5 kg/ cm’) 
for ED-13 and ED-15 resins heated at 200° for 10 hours : 
are plotted in Fig, 2, Heat treatment raises the glass 
transition temperature of the resins (especially of 
ED-15 resin, which also shows elastic behavior after 
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Fig. 2. Deformation— temperature curves 
for epoxide resins heated at 200° for 10 
hours, 

1) ED-13; 2) ED-15. 


Fig. 4. Deformation—temperature curves for 
epoxide~resole resins (1:1), kept for 10 hours 
at 100° (a) and at 200° (b): 1) ED-5; 2) ED-13; 
3) ED-15. 


Fig. 5. Effect of temperature on the equili- 
brium modulus of elasticity for resins: 
epoxide ED-6; resole 2:1 (1); epoxide ED-5; 
resole 1:1 (2); and epoxide ED-5 hardened 
with 15% of polyethylene polyamine (3), 


heat treatment), However, as was already stated, ED-13 resin forms weak structures, which are broken down by 
small stresses (6 = 5 kg/cm*), while ED-15 resin loses its power of passing into the viscofluid state without 
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breakdown of the structure, ED-15 resins hardened at 200° for 10 hours without added hardeners have higher heat 
resistance and much better external appearance than the same resins hardened in presence of polyethylene poly- 
amine at room temperature and additionally heated at 200° for 10 hours, 


Tridimensional structures are formed in the hardening both of thermosetting and thermoplastic epoxide 
resins in presence of polyethylene polyamine (a mixture of homologs, from triethylenetetramine to hexaethyl- 
eneheptamine., with boiling point above 175°) and phenol~ formaldehyde resins.* The deformation— temperature 
curves in Fig, 3 (0 = 5 kg/cm?) indicate that epoxide resins of different grades, hardened with equal amounts of 
polyethylene polyamine, differ in elasticity in the heated state. For example, ED-15 resin, with the lowest 
content of epoxy groups, has higher elasticity on deformation in the hardened state than ED-5 resin, which has 
the highest epoxy group content, Similar results were obtained for epoxide—resole resins (0 = 5 kg ken’, weight 
ratio 1:1) (Fig. 4).** 


Thus, the mechanical behavior of epoxide resins depends appreciably on their epoxy group contents. 
The greater elasticity which develops at high temperatures in resins of lower epoxy group content, and therefore 
of higher molecular weight, is clearly associated with the formation of space networks with less frequent cross 
links, When the hardened resin specimens are heated at 150° (Fig. 3) and 200° (Fig. 4) for 10 hours, their heat 
resistance increases considerably. The glass transition temperature of such specimens increases by 50-80°, 


An investigation of the effect of temperature on the equilibrium modulus of elasticity of epoxide resins 
(ED-5, ED-6) hardened in presence of various hardeners, and of ED-15 resin previously heated at 200°, showed that 
the equilibrium modulus of resins hardened with amines is independent of the temperature (Fig. 5). The equili- 
brium modulus of elasticity of hardened epoxide—resole resins decreases with rise of temperature. Therefore the 
space structure of hardened epoxide resins is mainly formed by stable chemical bonds, as the presence of physical 
(hydrogen) bonds was detected by us only in epoxide—resole resins (Fig. 5). 


The calculated bond dissociation energy [4, 5] is 6.9 kcal./mole, which corresponds to the energy of the 
hydrogen bond, It is very likely that the presence of hydrogen bonds in epoxide—resole resins is the consequence 
of their considerable contents of resole resins, in which hydrogen bonds have been shown to play an important 
part [5, 6]. 


SUMMARY 


1. Epoxide resins may be either thermoplastic or thermosetting, according to the relative proportions of the 
original components — diphenylpropane and epichlorohydrin, Thermosetting properties begin to appear in the 
resins at 1 :1.5 molar ratio of the components, and on further decrease of the epichlorohydrin content. 


2. Hardened epoxide resins are tridimensional structures the mechanical behavior of which depends on the 
epoxy group content of the original product, Thus, hardened resins with lower epoxy groups contents (ED-13 and 
ED-15) have higher elasticity at elevated temperatures than resins with higher epoxy group contents (ED-5 and 
ED-6). 


' Therefore elasticity (with retention of the other properties — adhesion, mechanical strength, chemical 
resistance, etc.) may be one of the decisive factors in the choice of a particular resin for use in various branches 
of industry. 


3. Thermosetting resins (ED-15) hardened without addition of hardeners, have higher heat resistance and 
better external appearance than the same resins hardened with amines or resole resins, 


Scientific Research and Project Institute for Plastics Received January 25, 1957 
Moscow 


*It should be pointed out that epoxide resins can be hardened not only under the influence of resoles, but also 
of novolac phenol- formaldehyde resins, For example, we found that addition of novolac (K-18) resin (in weight 
proportions of 10:1, 2:1, 1:1) to ED-6 epoxide resin results in hardening with formation of low-strength products 
at 200°. The epoxide—novolac resins have a low rate of hardening. 

** Figure 4 shows deformation— temperature curves for epoxide ~resole resins heated at 100°, and not in the 
original state, as owing to the presence of resoles the combined products harden at considerably higher temper- 
atures than epoxide resins hardened in presence of amines, 
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THE STRUCTURE AND PHASE STATE OF POLYETHYLENE 
TEREPHTHALATE FIBERS* 


V. O. Gorbacheva and N. V. Mikhailov 


In recent years a new synthetic polymer, polyethylene terephthalate, has attained considerable industrial 
importance; it is used mainly in the production of synthetic fibers known under various trade names such as 
Terylene, Lavsan, etc., and also of various products such as films and plastics. These fibers have a number of 
valuable properties: high initial modulus, good chemical resistance to acids and oxygen, adequate mechanical 
strength at various temperatures, low permeability to gases, and high resistance to light and bacteria; all this 
accounts for the great interest taken by research workers in matters related to the production technology of this 
polymer, extrusion of fibers from it, etc. Most of the published investigations deal with its physical and 
mechanical properties [1], structure [2], and the mechanism of fiber drawing [3].. Many workers have shown 
that polyethylene terephthalate products can be obtained both in the amorphous and in the crystalline state. 
However, not enough is known about the crystallization processes and structural changes in polyethylene tere- 
phthalate and the associated changes in the properties of the polymer and of fibers made from it. It is known that 
a distinctive and unfavorable characteristic of this polymer, which is of great importance in relation to fiber pro- 
duction, is its poor susceptibility to "cold" drawing. 


This paper contains the result of a study of the structure of polyethylene terephthalate and of fibers made 
from it, in relation to the conditions of production and subsequent stretching and heat treatment, carried out with 
the aid of x-ray and thermographic analysis. Samples of polyethylene terephthalate in the form of resin with 
specific viscosity 0.24-0.27, and fibers made from it, were investigated. The fibers were spun at 285° and stret- 
ched by 550% at 80-100°, The polymer was dissolved at 25-30° in phenol—tetrachloroethane mixture (1:1); it 
was precipitated and washed with diethyl ether [4], The x-ray photographs were taken with copper radiation with 
8 -radiation (Kg ) filtered out by means of nickel foil, at 45 kv, 14-15 ma, at a distance of 35 mm between the 
specimen and film; the exposure time was 8 hours, The photometric analysis of the x-ray patterns was carried 
out by means of a recording microphotometer. 


Figure 1,a shows the x-ray pattern of polyethylene terephthalate in the form of a solid transparent mass 
(resin), A similar pattern is given by the unstretched fibers, Comparison of these patterns show them to be the 
same for both samples, with one broad interference ring, which is a sign of amorphous structure, In the course 
of the investigation the isotropic fibers were stretched at 18-20°, The x-ray pattern of such fibers (Fig. 1,c) when 
reduced to powder diagram form (Fig. 1,b), also showed one broad interference ring, 


It must be assumed that the phase states of isotropic and oriented polyethylene terephthalate fibers is the 
same, On the other hand, if the fibers were stretched at 80-90°, the x-ray pattern showed more interference 
rings (1, d), The question naturally arose, what is the origin of this new pattern — more pronounced orientation 
of the molecules in the fiber, or the appearance of new interferences, i.e., changes in the phase state of the poly- 
mer (fiber) during stretching? By the use of the Katz method for obtaining x-ray patterns of stretched fibers, we 
found that the pattern for a fiber stretched at 80-90°, in reduced form (Fig. 1,e) does not reproduce the isotropic 
fiber pattern and differs from the reduced x-ray pattern of a fiber stretched at 18-20° by the distinct presence of 
several new sharp interference rings. 


This leads to the conclusion that when polyethylene terephthalate fibers are stretched at 80-90°, molecular 
orientation and crystallization take place in the polymer. "Cold" drawing (at 18-20°) of polyester fibers is 


* X-ray technologist P, M. Larionov took part in the work. 
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Fig. 1. X-ray patterns: 

a) original polyethylene terephthalate resin; b) fiber stretched to 450% at 18-20° 
(reduced powder pattern); c) fiber stretched to 450% at 18-20°; d) fibers stretched to 
450% at 80-90°; e) same,reduced powder pattern; f) slowly cooled polyethylene 
terephthalate melt, 


accompanied by orientation processes only, while the phase state of the substance remains unchanged. It follows 
that the original polymer, the isotropic fibers, and fibers oriented at 18-20° are amorphous. Crystalline fibers can 
be obtained from polyethylene terephthalate only by stretching at 80-90°, Additional confirmation of this view 

is provided by x-ray data for the original polymer heated at 150-190°, The x-ray pattern of such a heat-treated 
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polymer strongly resembles the "reduced" x-ray pattern of a fiber oriented at 80-90°. The same is found in x-ray 
patterns of polymer samples obtained by slow cooling of melts to room temperature or by precipitation of the 
polymer by slow evaporation of solvent from a polymer solution (Fig. 1,f). It is known from earlier publications 
[5] that these are the most favorable conditions for crystallization of polyamides, 


TABLE 1 


Interplane Spacings of Different Polyethylene Terephthalate Specimens 
(measured from the central spot of the pattern) 


Polyethylene terephthalate specimen Interplane spacings (d) in A 


| a |e [a fa, dy 

Original polymer _ — - — oe 

Unstretched fiber _ _ = Ke 

"Cold-drawn" fiber = 
Heat-stretched fiber 5.47 
5.00 


Slowly cooled melt 


218 \\ 209 


— 


Time, min. Time, min. 


Fig, 2. Differential heating and cooling curves: 
a) Unstretched Lavsan fiber; b)same, stretched to 450% at 80-90°. 


It follows from these results that polyethylene terephthalate fibers, when extruded with air cooling, are 
formed in the amorphous and glassy state. In this they differ from polyamides, which show a crystalline structure 
even in the original state and in the form of isotropic fibers. It should be noted that polyethylene terephthalate 
has a greater tendency to supercooling than polyamides, It must also be pointed out that when fibers oriented 
at 80-90° are additionally heated at 185°, their x-ray pattern is improved considerably: the crystal interferences 
become clearer and sharper. A similar effect is found in polyamide fibers but is less pronounced, 


For completeness, the corresponding interplane spacings for short-range order reflections are given in 
Table 1. 

It is known that the structural criterion alone is insufficient for evaluation of the phase state of a polymer, 
and therefore the above structure data were supplemented by the results of phase analysis by the thermographic 
method, The experimental procedure has been described previously [10]. Figure 2,a shows differential heating 
and cooling curves for the original polyethylene terephthalate. Unstretched fibers and "cold-drawn”" fibers give 
similar curves. These results show that the behavior of all these materials on heating isexactly the same, The 
heating curve shows three effects, two endothermic and one exothermic, 


However, the thermographic picture changes considerably if the original polymer and the unstretched 
fiber were previously heated, and the fiber was stretched at high temperature, Heating and cooling curves for 
such samples are shown in Fig. 2,b, Similar curves are given by polymer samples obtained by slow cooling of 
melts or by evaporation of solvent from a polymer solution, Figure 2,b shows that the heating curves have only 
one peak instead of three, The explanation is that in both cases the appearance of the endothermic effect (area 
C) in the 235-255° range is associated with fusion of the polymer; this is shown by the reversibility of this peak 


upon repeated heating and cooling of the polymer. 
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TABLE 2 


Transition Temperature Ranges of Polyethylene Terephthalate Specimens on Heating and 


Cooling 
Endothermic effects 
I and II, °C 


1 (A) Il (B) 


Exothermic effects I and 
LG 


Specimen of polyethylene terephthalate 


Original polymer 235-255 | 115-150 210-220 
Unstretched fiber 235-255 | 110-123 210-220 
Fiber stretched at 18-20° 235-255 | 110-125 210-220 
Fiber stretched at 80-90° 235-255 | None 210-220 
Slowly cooled melt 235-255 | None 210-220 


The appearance of two other peaks on the heating curves in the 80-95° and 115-130° ranges (Fig. 2,a, 
areas A and B) may seem somewhat unexpected. However, these effects can be explained ifthe x-ray data 
obtained for polyethylene terephthalate and the published descriptions of the properties of silicate glasses and 
triglycerides are taken into account, It is known that silicate and organic glasses and certain other organic 
substances are undercooled. liquids and are therefore thermodynamically unstable systems. Such compounds 
therefore tend to pass into the true stable crystalline state; this is effected when the substances are heated. 
Analogously, our undercooled polyesters also tend to pass into the true crystalline state when heated, It is 
likely that when the polymer was heated it softened and tended to pass from the glassy into the elastic state. 
This transition required a certain amount of heat, represented by the endothermic effect in the 80-95° range 
(Fig. 2,a, area A), This explanation of the reason for the appearance of an endothermic effect while the substance 
remains in the same phase state somewhat contradicts the accepted views. However, similar effects have been 
reported and explained in the literature [6-8]. We observed analogous but less distinct effects in polyamides and 
put forward tentative views on their nature [5]. 


The polymer is devitrified by heating, and the kinetic mobility of its chain segménts is thereby increased, 
After devitrification of the polymer or during the process, if the substance is in the solid state, crystallization 
occurs, Therefore an exothermic effect in the 105-150° range appears on the heating curves (Fig. 2,a, area B). 


It is quite obvious that these effects are not to be found on the heating curves of previously heated specimens, 
The average results of 5-6 determinations of the temperature ranges of these effects on the heating curves for dif- 
ferent specimens of polyethylene terephthalate are given in Table 2, 


The cooling curves for the polymer shown in Fig. 2,a and 2,b have one exothermic effect at 210-220°, 
when the polymer crystallizes, It is therefore necessary to explain why this effect occurs at a higher temperature 
than the corresponding effect on the heating curves (at 210-220° instead of 115-150°), The probable explanation 
is that in the one case the polymer crystallizes during cooling of its melt, i.e., when kinetic obstacles to structure 
formation in the polymer are absent or very small, When the polymer crystallizes in the solid state, i.e., in 
conditions of high viscosity, these obstacles are high, It seems that the influence of the kinetic factor on the 
crystal growth rate is greater in these polyesters than in polyamides, as the former are strongly undercooled even 
at room temperature, while the latter require deeper cooling. The most favorable conditions for crystallization 
of the polymer arise when the difference between the formation rate and the growth rate of the crystallization 
centers is at a minimum; this is the case in the crystallization of a very slowly cooling polyester melt (see Fig, 
1,f). Crystalline specimens of polyethylene terephthalate are white and opaque; amorphous specimens are trans- 
parent, 


The thermographic data obtained in this investigation were used to determine the heat of fusion of poly- 
ethylene terephthalate; the value found was 9-11 cal/g, which differs somewhat from the published value [9] 
or 16 cal./g for the heat of fusion, The heat of fusion was determined by the Berg and Anosov method, des- 
cribed by us previously [10]. 


SUMMARY 


1, A comparison of x-ray structural and thermographic data, which were in satisfactory agreement, sug- 
gests that, in contrast to polyamides, polyethylene terephthalate is a polymer which is readily undercooled in the 
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usual conditions of forming from melts, and is therefore amorphous, 


2. Polyethylene terephthalate is thermodynamically unstable when in the amorphous state. The polymer 
crystallizes at relatively low temperatures (80-110°) and at a low rate. 


3. The heat of fusion of polyethylene terephthalate is 9-11 cal./g. 


The Institute of Artificial Fibers 
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THE FORMATION AND PROPERTIES OF INTERPOLYMERS OF NATURAL 
AND BUTADIENE — STYRENE RUBBERS 


Bowed.  (Dogadkin, Vi, Ni Kulezgnev: and, Zo (Nw Tarasova* 


Angier and Watson [1] have described a number of examples of the formation of interpolymers of natural 
rubber with other polymers (such as polychloroprene) by joint mastication in an inert gas atmosphere. The 
formation of an interpolymer from natural and butadiene styrene rubbers was not studied. However, this system 
is of undoubted interest, as it has been reported [2] that this pair of polymers is thermodynamically incompatible. 
Moreover, in our opinion an interpolymer of these rubbers, if used as an adhesive interlayer, should increase 
adhesive bond strength between natural and butadiene~ styrene rubber vulcanizates, which is of practical 
importance in the production of laminated articles such as tires, which contain both natural and butadiene— 
styrene rubbers in their components. The theoretical grounds for this view are given in the last section of this 
paper. The importance of this problem caused us to initiate the present investigation, 


Production of interpolymers. The mastication was carried out on specially designed microrolls [3] con- 
tained in a hermetic cabinet, so that any desired atmosphere could be provided around the material. The process 
was carried out with a 0.25 mm gap between the rolls in an atmosphere of purified nitrogen or argon (containing 
about 0.1% Og), the rolls being strongly cooled with running water, The rubbers were previously purified by 
extraction with hot acetone (natural rubber) or hot methanol (butadiene~styrene rubber) for 12 hours, Data on 
the intrinsic viscosity [n] and plasticity measured by the Defo method in the course of milling are given in 
Figs. 1 and 2, 


Fractional precipitation, To prove the formation of an interpolymer during joint mastication of the rubbers, 
we carried out fractional precipitation of solutions of the masticated rubber mixtures, and also selective vulcani- 
zation of one of the components. The natural and butadiene—styrene rubbers were present in 1:1 ratio, 


The choice of a selective nonsolvent for precipitation in the system natural rubber ~ butadiene styrene 
rubber presents considerable difficulties because these rubbers have almost equal solubilities in common solvents, 
We chose the binary mixture benzene — methyl ethyl ketone (1:4), in which butadiene styrene rubber is 
completely soluble whereas natural rubber does not dissolve in this mixture on periodic shaking for 48 hours at 
25 + 0,5°. For comparison, in parallel with the solubility determinations on the rubbers masticated together, the 
solubility of a mixture of the rubbers masticated separately and then mixed together in air during 3-4 minutes 
with very vigorous stirring was investigated. When the solution process was completed, the solution was separated 
off, evaporated, and the natural-rubber content of the film was determined refractometrically. For these deter- 
minations, solutions with different proportions of the rubbers were previously prepared; films were made from these, 
and their refractive indices were determined by means of an Abbe refractometer, after removal of phenyl-g -naph- 
thylamine, The results were used to plot a calibration graph for the linear relationship between the refractive 
index and the ratio of the rubbers in the film, This graph was then used in analysis of mixtures with unknown 
proportions of natural and butadiene—styrene rubbers,** Figure 3 shows that with the separately masticated 
polymers natural rubber begins to pass into solution after 40 minutes of milling; this is undoubtedly the consequence 
of the better solubility of the products of lower molecular weight formed during mastication, In the case of the 
jointly masticated polymers, natural rubber begins to pass into solution from the first moment of mastication. 

This difference in the behavior of the mixtures undoubtedly indicates the existence of chemical bonds between 
some of the molecules of natural rubber and the molecules of butadiene—styrene copolymer in the mixture 


* Student N. Ia. Safronov assisted in the work, 
** The refractive index does not change appreciably during mastication [4]. 
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obtained by joint milling of the rubbers. The molecules of butadiene~ styrene rubber, bound to molecules of 
natural rubber, take some of the latter with them into the solution and thereby increase their solubility. 
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Fig. 1. Effect of mastication time of the Defo 20 40 60 80 
number for 1:1 mixtures of natural and buta- Mastication, min. 


diene—styrene rubbers; 


Fig. 2. Effect of mastication time of ex- 
1) extracted; 2) technical. 


tracted natural and butadiene ~ styrene 
rubbers and of a mixture of them, on[n]: 
1) natural rubber; 2) butadiene ~ styrene 
rubber; 3) 1:1 mixture. 
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Fig. 3. Effect of mastication time on the 
amount of natural rubber dissolved by the 
binary solvent benzene— methyl ethyl 
ketone (1:4): 

1) jointly milled mixture; 2) mixture of 
separately milled rubbers, 


. . ‘ * + 400 

This is confirmed especially clearly by experi 100 Methyl siyesesi Ai 
ments on fractionation of mixtures of jointly and 
separately masticated rubbers from benzene solutions Fig. 4, Precipitation with methyl ethyl 
by addition of methyl ethyl ketone. After 90 minutes ketone from benzene solutions of mixtures 
of mastication 2% solutions of both samples were of natural (1,3) and butadiene —styrene (2,4) 
made, and methyl ethyl ketone was added to each at rubbers milled for 90 minutes: 
20 + 0,5° with vigorous stirring. Figure 4 shows that, 1, 2) milled separately; 3, 4) milled together. 


in comparison with the separately milled rubbers, slow 

and incomplete precipitation of natural rubber (only 64% of the amount added) and more complete precipitation 
of butadiene —styrene rubber (89%) occurs in the jointly milled mixture; this indicates that chemical bonds 

are present between the molecules of the two polymers, i.e., it is evidence of interpolymerization. The dif- 
ference between the amounts of natural rubber precipitated from the products of joint and separate mastication 
respectively represents 30% of the total amount of natural rubber in the original sample. 


Selective vulcanization, For further confirmation of interpolymerization, we vulcanized mixtures of 
jointly and separately milled polymers by means of polychloro compounds which, as is known [5], do not 
vulcanize natural rubber, The following formulation was used: 150 wt. parts of polymer, 8.0 wt. parts of 
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TABLE 1 


Fractional Composition of Heat-Vulcanized Mixtures of Natural and Butadiene—Styrene Rubbers 


Polymers in vulcanizate | Sol fraction, %]| NR in sol NR extracted, % 


fraction, % BSR 
Milled together 28 
Milled separately 10 


benzal chloride, 10.0 wt. parts of activator, and 1 wt. part of phenyl-g -naphthylamine, The activator, in two 
parallel experiments, was either ZnO or PbO. The vulcanization was performed for 60 minutes at 143°, and the 
vulcanizates were then extracted with chloroform, The amount extracted by chloroform from a mixture of the 
separately milled polymers with lead oxide activator was 51.5%, and from a mixture of the jointly milled poly- 
mers, 38.6%, With zinc oxide as activator, the chloroform extract from the mixture of separately milled polymers 
was 87,0%, and from the mixture of jointly milled polymers, 77%, 


It follows that not all the butadiene~styrene rubber becomes bound during vulcanization, as with the polymer 
ratio used (1:1) the extract of the separately milled rubbers should not exceed 50%, It is also possible that the 
different rubbers can be tied to some extent in the spatial network by mechanical tangling of their molecules, so 
that both polymers may be present both in the vulcanizate and in the extract.* However, since the conditions of 
binding of the butadiene —styrene rubber into the spatial network were the same for the jointly milled and the 
separately milled polymers, the difference between the extracts must be ascribed mainly to different degrees of 
chemical bonding of the natural rubber, If the value found for the extract is referred to the total amount of 
natural rubber in the sample, it is found that 20-26% of the natural rubber in the mixture becomes bound in the 
course of mastication, 


The jointly and separately milled polymers were also heat-vulcanized at 200° for 2 hours, As is known, 
synthetic polymers containing vinyl side chains (poly butadiene, butadiene — styrene) form structures when heated 
in a press, in contrast to natural rubber, which is degraded under such conditions, The degree of vulcanization 
in this case was again determined from the amount of chloroform extract and subsequent determinations of the 
rubber in it, The results are given in Table 1. 


The amount of natural rubber bound with the molecules of butadiene—styrene copolymer (14%) in the 
jointly milled rubbers, referred to the total amount of natural rubber present (as before) is 28%, Thus, the results 
of fractionation, vulcanization by means of polychloro compounds, and heat vulcanization all show that inter- 
polymerization (chemical bonding) of the molecules of natural and butadiene~styrene rubbers occurs during 
cold mastication in an inert medium, and 26-30% of the natural rubber present enters the interpolymer. 


Variation of intrinsic viscosity with the ratio of the rubbers, If it is assumed that the degradation of poly- 


mer molecules under the influence of the shearing forces which develop in mastication is independent of the 
chemical nature of their neighbors, and depends only on the magnitude of the deformation, it becomes quite 
evident that solutions of equal concentrations of mixtures of separately and jointly milled polymers should have 
equal viscosity. We carried out parallel viscosity determinations on solutions of natural and butadiene ~ styrene 
rubbers in different proportions, Benzene solutions of 3% total polymer concentration were prepared, and their 
absolute viscosities determined by means of the Hoeppler viscosimeter. Figure 5 shows that the viscosities of the 
jointly milled polymers are higher than the corresponding viscosities of mixtures of separately milled polymers, 
the deviations being greatest in the region of intermediate ratios. In order to show that this viscosity increase 

is not entirely the consequence of intermolecular forces in these relatively concentrated solutions, the intrinsic 
viscosity of each sample was also measured by the usual method by means of the Ostwald viscosimeter. It fol- 
lows from Fig, 5 that the values of [n] (and therefore of the average-viscosity molecular weight of the mixtures) 
deviate considerably from the additive values for polymer mixtures, It is interesting to note that after milling 
in the presence of phenyl-g -naphthylamine the intrinsic viscosity of a 1.4 mixture of the two polymers is 
considerably lower even than the intrinsic viscosity of pure natural rubber, This indicates the possibility of 
direct interaction of phenyl-g -naphthylamine with the hydrocarbon radicals, 


* The polymer contents could not be determined refractometrically as both the extract and the vulcanizate 


were opaque. 
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Physicochemical properties of the vulcanizates. The physicochemical properties of a aetles of vulcani- 
zates made from mixtures with different proportions of polymers milled jointly and separately in an inert medium 
were studied, The composition of the vulcanizates (in parts by weight) was: rubber mixture 100.0, sulfur 2.2, 
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Fig. 5. Variation of intrinsic (3,4) and absolute 
(1,2) viscosities of 8% benzene solutions of 
mixtures of natural and butadiene ~ styrene rub- 
bers milled for 90 minutes, with composition 

of the mixtures, 

1, 3) Milled jointly, 2) milled separately, 

4) mixture with 4% of phenyl-g -naphthylamine, 
milled jointly. 
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Fig. 7. Area under the load —elongation curves 
(energy of elasticity) of vulcanizates as a function 
of composition of mixtures of rubbers milled: 

1) separately; 2) jointly. 
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Fig. 6. Variation of tensile strength (1,2) and 
relative elongation (3,4) of vulcanizates with 
the composition of mixtures of natural and 
butadiene— styrene rubbers: 

1, 3) milled jointly; 2, 4) milled separately. 
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Fig. 8, Variation of fatigue endurance of vul- 
canizates with the composition of mixtures of 
natural and butadiene~styrene rubbers milled: 
1) separately; 2) jointly. 


tetramethylthiuram disulfide 0.5, zinc oxide 5.0. The 
vulcanization optimum (30 minutes for all the mixtures) 
was determined by determinations of bound sulfur (by the 
radioactive tracer method with s® isotope) and of the 
number of cross bonds per unit volume, calculated by the 
Flory ~ Rehner formula from the maximum swelling. The 
following values were determined for specimens at 
optimum vulcanization: tensile strength, relative 


elongation, moduff'at 100, 200, 300, 400%, areas under the load—elongation curves (proportional to the work 
of deformation of the vulcanizates), and fatigue resistance at € = 100% by means of the De Mattia machine. 
The moduli decrease linearly with increasing contents of natural rubber, which undergoes greater degradation 
than butadiene —styrene rubber during mastication (see Fig. 2), and there are no appreciable differences in this 
respect between vulcanizates of jointly and separately milled polymer mixtures, The tensile strength and 
relative elongation of mixed vulcanizates increase with increasing natural rubber content. The variations of 
both of these values with the composition are represented by curves with a small bend at 1:1 polymer ratio 
(Fig. 6).* This form of the curve is shown even more clearly on the plots of the work of deformation against 
the ratio of the rubbers in the vulcanizates (Fig. 7), The behavior of vulcanizates of both types of mixtures 
under repeated deformation was studied (Fig. 8). Here both types of vulcanizate have maxima of fatigue 
endurance; at 1:1 ratio for the jointly milled polymers, and with ~70% of natural rubber in the mixtures for the 
separately milled polymers, The higher fatigue endurance in presence of ~30% of butadiene ~styrene rubber, 
as compared with the pure components, is in our opinion the consequence of loosening of the vulcanizate structure 
owing to the lower integral packing density of the mixture of these two incompatible polymers (fuller details 
will be given in our next communication), leading to lower internal friction and therefore lower mechanical 
activation of the chemical processes which develop in the course of repeated deformation, This finding is 
undoubtedly of practical interest, as it indicates that it is possible to obtain mixtures of natural and butadiene — 
styrene rubbers with higher fatigue resistance than in vulcanizates of natural rubber alone. However, this 
requires confirmation by tests of rubber articles in use. 


The variation of cross-link concentration in vulcanizates with the ratio of the rubbers (Fig. 9) is especially 
interesting. For vulcanizates of mixtures of the separately milled rubbers this relationship is represented by a 
curve with a minimum at about 80% of natural rubber in the mixture; this can probably also be ascribed to a 
decreased integral packing density of a mixture of these two incompatible polymers. A decrease of packing 
density occurs on addition even of small amounts of disordered molecules of the noncrystallizing butadiene — 
styrene rubber to the crystallizing naturalrubber, This causes steric obstacles to crossiink formation, In mastication, in 
an inert medium, of a mixture of two polymers with molecules differing in activity and mechanical strength, a 
process ofradical degradation occurs. This process depends on the relative reactivity (both with regard to 
mechanical and to radical, chemical influences) of the two polymers, The more easily degraded natural rubber, 
with a higher content of weakened bonds between the a-methylene carbon atoms, yields more free radicals than 
the butadiene—styrene copolymer. 


The radicals from natural rubber may act on the molecules of butadiene—styrene copolymers which are 
under mechanical stress, and attach themselves to these molecules, with the formation of a larger number of bonds 
than are found in mixtures of rubbers milled separately. 
Branched molecules nearer to spherical in shape than 


Tg 10° the original molecules, and therefore of lower viscosity- 
g average molecular weight, are also formed. The difference 
of bond content does not influence such relatively crude 
characteristics of the vulcanizates as tensile strength, 
5 elongation at break, and modulus, The fatigue endurance 
2 of mixtures of separately milled polymers in the region 
4 of maximum difference of cross-link concentration is 
greater than that of mixtures of jointly milled polymers, 
NR oa 7 pose er Pa ee Production of adhesives from the interpolymers and 
Ch their effect on bond strength between vulcanizates of 
ile 2 " 7 : different rubbers, The autohesion of doubled polymer 
Fig. 9. Variation of cross-link concentration layers is regarded as a diffusion process, effected by 
with composition of mixtures of rubbers milled: displacement of individual segments of the molecular 
1) separately; 2) jointly. rubber chains on this basis, the influence of molecular 


weight, chain flexibility, etc. on the autohesion process 
has been considered in a number of papers [6]. However, it can be easily shown that diffusional displacement of 


* The special position of the point at 1:1 ratio cannot be attributed to scattering of the experimental points, 
as this result is based on five parallel determinations on different specimens. 
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individual segments is not enough for complete coalescence of doubled layers. As has been pointed out by 
Dogadkin [7], a necessary condition for cohesion is the existence of true flow for bonding unlike rubbers, the 
thermodynamic characteristics of which do not favor spontaneous diffusional cohesion. Under otherwise equal 
conditions, another important effect is covulcanization of the doubled layers, i.e., formation of a space vulcani- 
zate network consisting of molecules of different rubbers chemically bonded by the vulcanizing groups. The 
presence of these chemical bonds between different rubbers makes the system stable and prevents phase separation. 
If a specimen consisting of two doubled strips of tread and breaker butadiene~styrene rubber vulcanizates, 
joined by a natural rubber adhesive, is vulcanized andplaced in benzene, simple swelling can break down the 
bond at the boundary between the natural and the butadiene—styrene rubbers, This shows the absence of a 
continuous vulcanization network at the boundary between the rubbers, i.e., it indicates the absence of a covul- 
zanization effect [7]. It seems likely that if an adhesive made from the interpolymer is used, the regions 
(segments) of the molecules of natural rubber chemically bonded to molecules of butadiene~styrene rubber 
penetrate relatively easily into the layers of natural rubber, while segments of molecules of the synthetic rubber 
chemically bound to natural rubber molecules can penetrate easily into the synthetic rubber layer. Since the 
kinetic conditions of vulcanization (concentration and chemical activity of the double bonds) favor the cross 
linking of molecular chains of the same composition during vulcanization, the two layers of different rubbers 
are firmly bonded by means of the interpolymer molecules after vulcanization, 


Mixtures of the two rubbers in 1:1 ratio, both purified by previous extraction and unpurified, were milled 
in an inert medium for different times, The milled mixtures were then compounded in air with the following 
ingredients: 


» 


Polymer 100 wt, parts Pine resin 5.0 wt, parts 
Dibenzothiazoly] disulfide 2.0 wt. parts Rosin 3.0 wt, parts 
Diphenylguanidine 1.5 wt, parts Phenyl-g -naphthylamine 1,0 wt, parts 
Zinc oxide 5.0 wt. parts Channel black 25.0 wt, parts 
Steric acid 0.5 wt. parts Sulfur 3.0 wt, parts 


The mixtures were then shaken in the cold with gasoline to give 10% solutions; the adhesives were tested 
for tackiness by the Baer test, for endurance under repeated deformation by M. M, Reznikovskii's method by 
means of the MRS-2 machine (shearing deformation of doubled layers with the joint at right angles to the 
direction of deformation), and by A. I. Kolomytseva's method by repeated compression of rectangular specimens 
with a diagonal joint in the "Metallist" machine. The results of the tests are given in Table 2. 


TABLE 2 


Effect of Adhesive Layer of Interpolymer on Bond Strength Between Natural and Butadiene—Styrene Rubber 
Vulcanizates 


Composition of the} Composition of adhesive | Tacki- 
joined rubbers hess in 


Dynamic bond strength (under repeated compression) 


tested by MRS~-2 machine } tested on "Metallist" machine 


g/cm destruction, | endurance,|destruction,|temper- 
in 1000's ature of 
of cycles peci- 
men, °C 
Breaker based on | Without adhesive = 100 = — 
natural rubber, | Adhesive based on NR, 2410 = 240.0 66 100-121 
code 23-448 code 1-KE-7 
Tread based on Adhesive based on 2360 1.000 60 423.0 50 115-140 
SKS-30A, code technical NR and 
43-196 SKS-30A, milled 
for 90 minutes 
Adhesive based on NR 1600 0.700 34 480.0 17 106-144 


and SKS-30A puri- 


fied by extraction and 
reprecipitation, mil- 
led for 60 minutes 


It follows from the data in Table 2 that high bond strengths and high tackiness are found in adhesives based 
on a 1:1 mixture of the technical polymers after joint mastication for 90 minutes. This adhesive has nearly four 
times the endurance of the standard adhesive based on natural rubber, as measured by Reznikovskii's method, 
and nearly double as measured by Kolomytseva's method, and also conforms to the tackiness specifications. 
These experiments therefore confirm that a firm bond between different rubbers can be produced by means of 
an adhesive layer consisting of an interpolymer of these rubbers. It may also be assumed that these views, 
experimentally confirmed for natural and butadiene—styrene rubber, are generally applicable. An adhesive 
layer of an interpolymer of the appropriate composition between any pair of different polymers should have 


satisfactory adhesive properties, 
SUMMARY 


1. Joint mastication of natural and butadiene~styrene rubbers at ~25° in an inert medium yielded inter- 
polymers of these rubbers, containing chemically bonded regions of the molecules of the different rubbers. 


2. Fractional precipitation from solutions, and selective vulcanization of mixtures of jointly and separately 
masticated rubbers showed that the amount of natural rubber bound to the butadiene—styrene rubber does not 
exceed 30% of the amount present (for 1:1 initial component ratio). 


3. The products of joint mastication (interpolymers) have higher intrinsic viscosities than mixtures of the 
separately milled rubbers of the same composition. 


4, Vulcanizates of jointly milled and separately milled rubber mixtures do not differ in dynamic modulus, 
but differ somewhat in the course of the curves showing variations of the tensile strength, relative elongation, 
and work of deformation with the composition, 


5. The fatigue endurance of mixtures containing 50-80% of natural rubber is higher than that of the 
original polymers, 


6, Vulcanizates containing the interpolymer have a higher concentration of cross links than vulcanizates 
of simple mixtures, 


7. Mixtures containing the interpolymers have been used to produce adhesives which give stable joints 
between different vulcanizates based on natural and butadiene—styrene rubbers respectively. 


The M. V. Lomonosov Institute of Fine Chemical Received July 12, 1957 
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ELECTRON MICROSCOPIC AND ADSORPTION STUDIES OF SILICA SOLS 


AND SILICA GELS 


A. V. Kiselev, V. I. Lygin, I. E. Neimark, I. B. Sliniakova and Chen" Ven' -han 


According to the theory of the globular structure of many gels (silica, alumina~silica, and titania gels), 
the gel framework consists of spherical primary particles, while the spaces between these particles constitute 
the pores [1-5]. The size of the pores in xerogels with various pore structures is determined by the size and 
packing density of the particles; the packing is closer in finely porous and less close in coarsely porous xerogels. 
This concept of the structure of the gel framework is in harmony with the experimentally observed influence 
of preliminary treatment of a hydrogel on the final pore structure of the xerogel. Decrease of the surface tension 
of the intermicellar liquid decreases the capillary forces which compress the gel framework during drying, and 
leads to a looser packing of the particles [6-8]. Treatment of the hydrogel with liquids which charge the particles 
and strengthen the framework counteracts the capillary forces [9-11]. Xerogels with different pore structures can 
be obtained by variation of these factors over wide limits, Luk'ianovich and Leont'ev [12] obtained direct con- 
firmation of the globular structure of coarsely porous xerogels by applying the replica method to studies of 
xerogels, The globular nature of the structure of an alumina~silica catalyst was revealed in an investigation by 
the pseudoreplica method [13]. Studies of xerogel structure by the pseudoreplica method also led to the opposite 
conclusion, that the structure consists of a solid permeated by a network of cylindrical pores [14]. In this con- 
nection it is of definite interest to use electron microscopy for studying the formation of the framework of 
xerogels at different stages of aging, starting with silicic acid sols. However, such investigations are compli- 
cated by experimental difficulties, primarily caused by the rapid aggregation of the sol particles. To observe 
the particles in the course of the formation of xerogel structures it is necessary either to prepare special uncon- 
densed specimens [15] suitable for direct transmission electron microscopy, or to disperse dense samples by ultra- 
sound, or to study their structure by the carbon replica technique. 


In the present investigation these methods were used for electron microscope investigations of the original 
sols and sols obtained by peptization of hydrogels washed with liquids of different pH, dried on the supports, The 
structure of the xerogels obtained from these hydrogels was studied by the adsorption method as well as by electron 
microscopy.* 


Preparation of stable sols, Silicic acid sol was prepared by the reaction between solutions of sodium 
silicate and sulfuric acid of sp. gr. 1.17. After the solutions had been mixed, sol samples were taken at definite 
intervals. After 20-fold dilution with distilled water these samples were stabilized by addition of 25% ammonia 
solution. After 7 days air was bubbled through the sols to remove ammonia, and the sols were then sealed in tubes, 


Preparation of stable sols from hydrogels. Gelation of the main bulk of the original sol took place 9 hours 
after the solutions had been mixed. After gelation of the sol, the gel was aged for two days, broken into pieces, 
and washed with liquids of different pH. Separate portions of the hydrogel, washed under different conditions, 
were covered with concentrated ammonia solution, The peptization was continued for 6-7 days at room temper- 
ature, Nearly all the pieces of gel were peptized to sols. The excess of ammonia was removed by the bubbling 
of air. The sols were diluted with water and sealed in tubes. This method was used to prepare sols from hydro- 
gels washed with liquids of pH 1.9; 3.0; 6.5; 8.2 and 10.2. 


* The sols, hydrogels, and xerogels were prepared in the Institute of Physical Chemistry, Academy of Sciences 
Ukrainian SSR, by I. E. Neimark and I. B. Sliniakova, and the electron microscope and adsorption studies were 
carried out by A. V. Kiselev, V. I. Lygin, and Chen’ Ven'-khan in the Adsorption Laboratory of Moscow Univer- 


sity. 
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Preparation of xerogels. To prepare xerogels from hydrogels washed with solutions of rachel pH, 
5°, Xerogels obtained by this method from hydrogels with pH 1.9; 3.0; 


portions were dried in a drying oven at 12 
6.5; 8.2 and 10.2 were studied by the electron microscope and adsorption methods, 


Electron microscope investigation of sols and hydrogels. Sols are usually examined Dy transmission after 
being dried on a support [16-20]. In the course of electron microscope investigation ae Specimens ae ae 
upon by the electron beam and undergo dehydration and sometimes sintering [16]. Particular git MES arise 
in investigations at the subsequent stages of sol aging, gel formation, and syneresis, as further condensation of the 


structure makes transmission impossible. Nevertheless, studies of the transformation of the primary sol particles 
in these processes are of direct interest for the elucidation 


of the structure and formation of the pore structure of xero- 


Carbon gels. A very suitable procedure for studying the primary 
| | | paraffin araifin particles in aggregates is ultrasonic dispersion of the 
a Ps | WAX ey aggregates before investigation by transmission, or they 
[ quartz quartz 7 Co may also be studied by the indirect method of carbon 
a b Cc 429 replicas, free from most of the above-mentioned defects 


of the transmission method [21]. 
Fig. 1. Consecutive stages in the preparation of a 
carbon replica: 
a) drying of specimen (1) on quartz surface and 
application of carbon film; b) fixing of carbon 
film (2) by means of paraffin wax; c) shadowing 
of carbon film with chromium (3) after solution 
of the quartz and specimen, 


The sols and hydrogels were investigated by the 
usual transmission method after being applied to and 
dried on a collodion support. The collodion supports 
were prepared by application of 1% solution of collodion 
in amyl acetate to the surface of distilled water [22]. 
The chromium shadowing of the sol dried on the support 
was carried out under the bell of the preparation apparatus 
at an angle of 30° under a vacuum of 10°4 mm Hg. Be- 
cause of the small size of the aggregated particles of a peptized hydrogel, the usual methods of replica pre- 
paration cannot be used, We developed a special technique for preparation of carbon replicas (imprints) of 
aggregates of the particles in the dried hydrogel [21]. The consecutive stages in the preparation of carbon 
replicas from aggregates of this type are illustrated in Fig. 1. The hydrosol obtained by peptization of a hydrogel 
is applied to a fractured surface of fused quartz and dried (Fig. 1,a); a carbon film about 100 A thick is then 
applied to the quartz by thermal dispersion of carbon under the bell of the vacuum apparatus for specimen pre- 
paration (Fig. 1,a). To prevent any deformation of the carbon film during separation, it is fixed by paraffin wax, 
by immersion of the quartz surface covered by the carbon film into a drop of molten wax (Fig. 1,b). After the 
paraffin wax has solidified the quartz and the specimens are dissolved in hydrofluoric acid. The carbon replica 
is then shadowed with chromium (Fig. 1,c). The wax is dissolved in toluene and the carbon replica is studied 
on a wire screen under the electron microscope. The resolution of the carbon replicas made by this method is 
~50 A, The UEM-100 60 kv electron microscope was used for obtaining transmission micrographs of the 
specimens and micrographs of the replicas. 


The micrograph of the original sol, dried on a collodion support (Fig. 2,a),’ shows a large number of 
partially aggregated small particles 50-100 A insize, The particles observed on the support cannot be ascribed 
to the structure of the support itself, as no such structure is seen in a micrograph of such a support prepared and 
shadowed under the same conditions, Dried particles of sols obtained by peptization of hydrogels give a 
totally different picture. The micrograph of a sol dried on the support (Fig. 2,b), obtained by peptization of a 
hydrogel washed with acidified water shows lumpy particles 200-1500 A in size, with a weakly defined structure. 
However, the observed structure of the particles, the heterogeneity of their form, and the large dimensions, con- 
siderably larger than those given by electron microscope studies of xetogels [13] or calculated from adsorption 
data [3, 4], suggest that they are composed of smaller particles. In fact, the micrograph of a carbon replica 
obtained from these lumpy particles of a peptized hydrogel (Fig. 2,c) dried on a quartz surface shows that the 
lumpy particles observed by transmission consist of smaller spherical particles about 100 A in size. 


A similar result is obtained after preliminary ultrasonic dispersion of the aggregates of such sols. The 
micrograph (Fig. 2,d) of a sol so treated and dried on the collodion support shows spherical particles similar in 
size to the particles seen in the micrograph of a carbon replica of the lumpy particles of this sol (Fig, 2,c), 
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Fig. 2, Electron micrographs ( xX 45,000): 

a) original sol dried on a collodion support (negative); b) sol obtained by peptization of 
a hydrogel washed with acidified water, and dried on a collodion support (negative); c) 
carbon replica of a sol obtained by peptization of a hydrogel washed with acidified 
water; d) ultrasonically treated sol obtained by peptization of a hydrogel washed with 
acidified water (negative); e) sol obtained by peptization of a hydrogel washed with a 
liquid of pH 1.9, and dried on a collodion support (negative); f) carbon replica of a sol 
obtained by peptization of a hydrogel of pH 1.9, 


49 


Lights 


ST, 
oS 


Me} 
é 


* 


Pepe one 
reg 


Fig. 3, Electron micrographs (x 45,000): 

a) Sol obtained by peptization of a hydrogel of PH 8,2 and dried on a collodion support 
(negative); b) carbon replica of a sol obtained by peptization of a hydrogel of pH 8.2; 
c, d) stereomicrograph of a carbon replica of a silica gel obtained from a hydrogel of 


PH 10.2; €) carbon replica of a silica gel obtained from a hydrogel of pH 8,2; f) the 
same, pH 3.0, 


Thus, comparison of micrographs of the original sol (Fig. 2,a) and of sols obtained by peptization of 
hydrogels (Fig. 2,b,c,d) shows that the transition of a sol to a hydrogel is characterized by aggregation of the 
primary particles in the sol without any significant change in their size. This type of transition from a sol to a 
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hydrogel is characteristic of all the hydrogels studied irrespective of the pH of the wash liquid. Figure 2,e is a 
transmission micrograph of dried particles of a sol obtained from a hydrogel of pH 1.9. In addition to fine par- 
ticles smaller than 100 A, the micrograph shows larger aggregates of particles, 500-1500 A in size, The micro- 
gtaph (Fig. 2,f) of a carbon replica of such aggregates shows that they all consist of smaller particles, less than 
100 A. A transinission micrograph of a sol prepared by peptization of a hydrogel of pH 8.2 (Fig. 3,a) shows, in 
addition to a large number of fine particles about 100 A in size, larger particles of 500-2000 A. The micrograph 


of a carbon replica from particles of such a sol indicates that all these larger particles consist of small primary 
particles, 


Electron microscope investigation of xerogels, Because of the high density of the framework of xerogels, to 
which reference has already been made, detailed analysis of their pore structure is not possible by the trans- 
mission method [23], The replica method gives much more information about their pore structure [12]. We 
therefore used the carbon replica technique for studying the pore structure of xerogels, Because of the great 
irregularity of the outline of fracture surfaces of the xerogels, preparation of replicas of porous substances in- 
volves a number of experimental difficulties; to avoid these difficulties, we used a method developed earlier 
for the preparation of replicas of porous substances [24]. A carbon film is applied on the fractured xerogel surface 
by thermal dispersion of carbon under the bell of the vacuum apparatus for specimen preparation under a vacuum 
of 107°-10-* mm Hg, and fixed by means of a layer of molten paraffin wax after cooling of the specimen. Pre- 
liminary cooling of the specimen with the carbon film prevents penetration of the wax into the pores. The 
specimen is then dissolved in hydrofluoric acid. After two washings in pure hydrofluoric acid and distilled water 
the carbon replica is shadowed with chromium at an angle of 45° under a vacuum of 10° mm Hg, The carbon 
replicas are investigated on a wire screen under the electron microscope after solution of the wax in toluene. 
Stereophotography of the carbon replicas gives a three-dimensional indication of the form of the pores and of 
the packing of the primary particles of the xerogel framework, 


Figure 3,c,d, is a stereomicrograph of a carbon replica of a xerogel obtained from a hydrogel washed with 
a liquid of pH 10.2. Examination of the micrographs in a stereoscope reveals the spatial distribution of loosely 
packed spherical particles, ~ 80 A in size, in the xerogel framework, Figure 3,e is a micrograph of a carbon 
replica of a silica gel obtained from a hydrogel of pH 8.2. This replica reveals a similar pore structure, but with 
closer packing of the primary particles, Even closer packing of the primary particles is seen in replicas of xerogels 
prepared from hydrogels washed with liquids of low pH (Fig. 3,f). The framework particles observed on the xero- 
gel replicas do not differ significantly in size from the primary particles of the original sol and hydrogel. It also 
follows from the micrographs of replicas of xerogels prepared from hydrogels of different pH (Fig. 3,c,d,e,f) that 
decrease of the pH of the original hydrogel results in some decrease in the size of the spherical particles of the xerogel 
framework, 


These results confirm the earlier conclusions [12] based on electron microscope studies of xerogel 
structure by the replica method, according to which the xerogel structure is globular, Thus, electron microscope 
studies of silica gels provide direct proof of the theory of corpuscular structure of xerogel adsorbents, put for- 
ward earlier on the basis of comparisons of the adsorption properties of porous and nonporous adsorbents of 
similar nature [3,4]. 


Adsorption studies of xerogels, The adsorption isotherms of methanol vapor and the curves for pore volume 
distribution by effective diameters in Fig. 4 indicate that, as was shown earlier [11], decrease of the pH of the 
wash liquid results in formation of xerogels with smaller pores, The structural characteristics of the xerogels 
studied are given in the Table. 


The Table shows that the limiting pore volume varies from 0,90 cc/g (pH 10.2) to 0.33 cc/g (pH 1.9). The 
effective diameter of the pore necks at the maximum of the volume distribution curve, calculated from 
Thomson's formula, decreases from 85 to 30 A with variation of the pHof the wash liquid from 10.2 to 6,5. The 
specific surface of the xerogels, calculated by the BET method, varies from 400 m’/g (pH 10.2) to 650 m’*/g 
(pH 6.5). This change of the specific surface indicates that during the preliminary treatment of the hydrogel with 
liquids of different pH there is not only preparation for different types of aggregation of the particles during sub- 
sequent drying, but also some change in the size of the primary particles. From the specific surface and the 
density of the silica framework 6 = 2.2 g/cc, neglecting the elimination of a part of the particle surface at 

points of contact, we can estimate the particle diameter by means of the formula D = 6/6s = 27,300/s A, if 
s isin m’/g. From results obtained by this method (see Table ) it follows that the average diameter of the 
primary particles of the xerogel framework increases from 40 A at pH 6,5 to 70 A at pH 10.2, 


ol 


minoles/¢ 0 02 04 06 08 10 


4 20 40 60 EP 
12 ; oF 


0 02 04% 06 08 O 02 04 06 06 0 G2 Me 6 G8 P/p, 
Fig. 4. Isotherms for adsorption (white circles) and desorption (black 
circles) of methanol vapor, and curves of pore volume distribution by 
effective pore diameters, for silica gels obtained from hydrogels of 


different pH: 
1) pH 10.2; 2) pH 8.2; 3) pH 6.5; 4) pH1.9. 


Comparison of the Structural Characteristics of Silica Gels From Electron Microscope and Adsorption Data 


Silica gel specimens |Specific surface s in | Particle diameter 


- t 
: & gu & 
m / & 9 is) 
electron | adsorption - a2 I : g 
wn oH 
micro- | data Y rs) Es 2° 
bene 5 RES QB 
data a E'S 8.0 3 
Xerogel obtained 
from hydrogel of 
pH 10.2 ~ 350 400 ~80 70 85 1.23 0.90} 4 Loose 
The same, pH 8.2 ~450 540 ~60 50 54 | 1.08 0.76) 5 Less 
loose 
The same, pH 6.5 34 650 a 40 30 | 0.75 0.48] 5.5 More 
dense 
The same, pH 1.9 aa 500 as = 26 <= 0.33] 7 Dense 


The decrease of the specific surface of the xerogel obtained from a hydrogel washed with the most acid 
liquid of pH 1.9 indicates that a part of the surface at the points of contact of the most closely packed particles 
is inaccessible to methanol molecules, and possibly that there is some coalescence of these particles, 


DISCUSSION OF RESULTS 


The micrographs of the original sols dried on collodion supports show that primary spherical particles 50- 
100 A in size are formed during the early stages of existence of colloidal silicic acid before formation of the 
hydrogel, It is quite possible, in the light of our results, that the larger particles observed by a number of 
authors [17, 19, 20] in sols dried on supports, considerably larger than 100 A, are aggregates of finer particles, 


The micrographs of dried particles of sols obtained by peptization of hydrogels, and of their carbonreplicas 
indicate that the conversion to a hydrogel is accompanied by aggregation of the primary particles without signi- 
ficant changes of their size. Comparison of the sizes of the primary particles of dried sols obtained by peptizatio1 
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of hydrogels, and of the particles in xerogels, shows that in the transition from a hydrogel to a zerogel the 
particles retain their individuality and do not change significantly in size. 


The variations in the structure of the xerogel framework after different preliminary treatments of the 
hydrogel can be revealed most fully by comparison of the results obtained by two independent methods: electron 
microscopy and adsorption, The specific surface of xerogels, determined by the adsorption method, can be 
compared with the specific surface determined by electron microscopy and calculated by means of the formula 
s= 6/5 De (where & is the density and De is the diameter of the xerogel particles measured on the micrographs 
of the carbon replicas), In turn, the nature of the pore structure of the xerogel observed in the micrographs can 
be correlated with the coordination number of particle packing in the xerogel framework, determined by com- 
parison of the ratio of the volume of the cavities vs filled when capillary condensation is complete to the total 
volume of the xerogel vs + 14, with the corresponding ratio for regularly packed spheres [3, 25]. It follows 
from the Table that the results obtained for coarsely porous xerogels by the electron microscope method are in 
agreement with adsorption data.” 


Increase of the pH of the wash liquid gives more coarsely porous silica gels, The transition from finely 
porous to coarsely porous silica gels, in addition to some increase of the average particle diameter, corresponds 
to a decrease of the coordination number of particle packing, The decrease of the coordination number of pack- 
ing of these particles in the framework in the transition to coarsely porous silica gels corresponds to the transi- 
tion from a closely packed to a loosely packed xerogel structure, observed in the xerogel replicas. 


SUMMARY 


1. An electron microscope study has been carried out on original silicic acid sols dried on supports, sols 
obtained by peptization of hydrogels washed with liquids of different pH, and xerogels obtained from these 
hydrogels by the usual method, 


2. Combination of different techniques of electron microscopy (transmission micrographs, micrographs 
of carbon replicas, and ultrasonic dispersion of the specimens) extends considerably the possibilities of studying 
sols and hydrogels, making it possible to observe the internal structure of large aggregates formed during aging 
and drying. 


3. Sol particles 50-100 A in size are formed during the early stages of existence of the colloid, before 
formation of the hydrogel, Subsequent gel formation and drying do not produce any significant changes of 
particle size, According to conditions, these processes are accompanied by aggregation of the particles to dif- 
ferent extents, and this largely determines the porosity of the xerogels. 


4, The results obtained by electron microscopy and by the adsorption method are in qualitative agreement: 
coarsely porous silica gels as indicated by electron microscope data correspond to a looser structure, and finely 
porous gels to a denser structure. In the case of the silica gels with the loosest packing it was possible to esti- 
mate the particle size by electron microscopy. The specific surface found from this is close to the value given by 
the adsorption method, 


The M. V. Lomonosov State University, Moscow Received April 15, 1957 
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INVESTIGATION Obl Ban AL URE-OF whe “ADHESION BOND IN HE 
BONDING OF TWO HIGH-MOLECULAR COMPOUNDS 


be P. Morozova and N.” A. Krotova 


In our earlier papers [1] the view was put forward that in a number of cases the adhesion bond is formed 
by electrostatic interaction of the layers of the electric double layer formed at the interface during the formation 
of an elastic film of polymer from a solution applied to the substrate surface. 


Various authors [2] have repeatedly put forward views on the role of diffusion processes in the formation of 
adhesion and autohesion bonds.* 


The purpose of the present investigation was to carry out an experimental study of the formation of an 
adhesion bond between two high polymers and to determine the relative roles of electrical and diffusion processes 
in adhesion. 


The electron-emission effects observed by one of the present authors (jointly with Karasev and Deriagin [4]) 
when adhesion bonds are destroyed in such systems as polymer~ glass, polymer— metal, and polymer— polymer, and 
the electron emission from a freshly detached polymer surface, make it possible to analyze, in each individual 
case, the nature of the processes which occur when the adhesion bond between two polymer specimens is broken. 
Some information on the nature of the bonds is also obtainable from microscopical investigations of cross sections 
of joints, and from adhesiograms. 


We showed previously [5] that the plot of the logarithm of the work of separation A against the logarithm of 
the separation rate v forms an adhesiogram with three linear regions (Fig. 1,a); these were explained as follows: 
in Region III, parallel to the abscissa axis, when separation is rapid, the observed effects conform to Paschen's 
law of gas discharge. Luminescence is observed in this region during separation if the experiment is performed 
under moderate vacuum, and electron emission under high vacuum. In Region II, where the relationship A = f(v) 
is most pronounced, the charges of the electric double layer become neutralized during separation of the joint, 
by surface leakage. The slower the process of separation (in which the capacitor layers are drawn apart), the 
more important the process of charge leakage along the boundary of the detaching film becomes. In some cases 
(as in the system nitrocellulose— glass), if the separation is very slow, the charges can leak away completely, and 
then A becomes independent of v in Region I of the adhesiogram, parallel to the abscissa axis, and the order of 
magnitude of A corresponds to equilibrium adhesion, described by the Dupre— Yound equation and caused by 
intermolecular forces, 


In other cases the value of A in Region 1 may be greater by several orders of magnitude, but Region I itself 
remains parallel to the abscissa axis. Evidently charge leakage in this region is a considerably slower process 
than separation of the capacitor plates. Because of all this, region I for polymers of this kind, in which adhesion 
is determined to a considerable extent by forces of electrostatic attraction, was given the name of the pseudo- 
equilibrium region by Deriagin [5]. 


* It is stressed in G. L. Slonimskii's paper, presented at the Conference on the Strength of Bonds Between 
Components of Rubber~Fabric Articles (Goskhimizdat, 1956, p. 11), that the electrical theory of adhesion 
allegedly does not take into account the possible formation of a transition layer, conferring a cohesive character 
to the splitting of the adhesive. In reality, in the paper by B, V. Deriagin, S. K. Zherebkov, and A. M. Medve- 
deva [3] presented at the Conference on Adhesion held in the Institute of Physical Chemistry, Academy of Sciences 
USSR in May 1955 it was not only stated that such cases are possible, but it was rigorously proved that such cases 
arise if the polymers are compatible, and the adhesion may be the result of diffusion on the chains of the con- 
tacting objects rather than of the formation of an electric double layer. If the separation is purely adhesive, the 
electrical theory of adhesion is fully applicable. 
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TABLE 1 


Effect of Specimen Width on the Displacement of 


log A, ergs/cm? 
the Middle Region of the Adhesiogram 


Specimen width, Separation rates in cm/sec., 
mm corresponding to the middle 
region of the adhesiogram 


1.26-107-4-2,9-107* 


1 
3 1.58°1073-0.25°1072 
5 5.63:° 107°-1258 +1077 

10 5.63°1079-1.58-1077 


In the present investigation, the roller adhesio- 
meter of Krotova's design was used to obtain adhesio- 
grams for a number of polymers (BF-type glue, poly- 
urethane, polyamides, vinyl polymers, rubbers and 
gutta-percha, cellulose esters, etc). The adhesiograms 
of some combinations of these polymers with glass, 
metals, and rubbers based on sodium butadiene and 
acrylonitrile polymers, show the three well-defined 
regions discussed above. In other cases (the majority) 
Region III is absent, It is possible that such a region does exist, but is situated in the range of high rates, where 
experimental determination is difficult.* 


log V, cm/sec. 


Fig. 1. Effect of specimen widthon the form of the 
adhesiogram for chlorinated polyvinyl chloride — 
rubber (SKB): 

a) 1 mm; b) 3 mm; c) 5 and 10 mm. 


Since the surface electrification density o can be determined only inthe applicability range of Paschen's 
law, it is extremely important to determine the factors which influence the form of the adhesiogram and the 
position of the inflection points on it. Our experiments show that one such factor is the width of the specimen. 
Its effect is such that when the width of the specimen is altered from 1 to 5 mm the middle Region II of the 
adhesiogram is displaced to the right; all the other characteristics of the adhesiogram (levels of Regions I and 
III, the slope of the middle region) remain unchanged (Fig. 1,a, b, and c). The displacement of the middle 
region is shown by the data in Table 1 for the system chlorinated polyvinyl chloride — sodium butadiene rubber. 


It is clear from the data in Table 1 that specimen width has an influence up to a definite limit (6 mm) 
only. This may be explained as follows. Dispersion of the lines of force of the electric field increases with 
decreasing specimen width, leading to decreased leakage of the charges under the influence of the field by the 
surface conduction mechanism. Because of this, in wide specimens Region II is shifted to the right, as at the same 
separation rates the leakage of charges from narrow specimens (1-3 mm) is considerably less, andthe adhesion 
is therefore greater, than in wide specimens (5 mm and over), With further increase of specimen width the 
influence of the dispersion of the lines of force becomes small and edge effects therefore cease to influence the 
form of the adhesiogram. 


In our experiments the electrical characteristics of adhesion (potentials, potential gradients, surface electrifi- 
cation density 0) were calculated from the gas discharge laws, which was possible only for adhesiograms with clearly 
defined Regions III, The values of 0 were calculated from the values of the maximum work of separation (adhe- 
sion) Ay corresponding to the maximum separation rates v with the aid of an auxiliary Paschen curve (Table 2). 

In all the cases given in Table 2, rapid separation in air and in moderate vacuum results in luminescence, and 
electron emission is observed in high vacuum, Electrical effects are also observed during separation with high- 
strength adhesives (BF-type glue, polyurethanes, polyamides), but in view of the absence of Region III in the 
adhesiograms it is not possible to calculate o, and only the lower limit of the values of o can be estimated, 
although there is no doubt about the electrostatic nature of the adhesion bonds in such cases, 


The maximum velocities of the electrons emitted during the separation may give an idea of the potential 
difference of the double layer after its separation, as these electrons are dispersed by the fields which exist in 
the gap between the separated surfaces, After o has been determined from the experimental data and Paschen's 


* Time intervals less than 0.01 second could not be measured in our experiments, 
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TABLE 2 


Characteristics of the Adhesion of Polymers to Various Surfaces* 


Polymer Substrate A+10™ (erg/cem®, | Ay*10— Discharge Discharge O10" in 
pseudoequili brium) (erg/cm?, potential interval e.u. /om? 
at v = 10° cm/sec, limiting) in volts ll 
atv=1 “1073 
cm/sec. 
Gutta-percha Glass 1.67 
Gutta-percha Gelatin 2.52 
Gutta-percha Steel 2.64 
Nitrocellulose | SKB rubber with 2.42 
kaolin filler 
Chlorinated The same 3.10 
polyvinyl 
chloride 


* Separation of these specimens is accompanied by electron emission, The adhesiograms have three distinct 
regions, The values of 6 were calculated from Region III, Fig. 1, of the adhesiograms, in the applicability 
range of Paschen's law. 


TABLE 3 


Work of Separation Ay of Polymer Films from Various Surfaces and Velocities of Electrons Emitted During the 
Separation at p = 107 mm Hg * 


Substrate 


Electron velocities 
in ev:1079 


Polymer 


calculated from 


electron velocity 
Chlorinated polyvinyl Brass 1.04 
chloride Glass Peay 
Gelatin 28.2 
SKB rubber 56.3 
(kaolin 
filler) 
Polyisobutylene Gelatin 31.7 


* Experiments carried out under vacuum; curves plotted for the high-rate region. 


curve, the potential difference and the value of 0 can be used to calculate the work of adhesion A, and the result 
may be compared with the value of A determined experimentally by a mechanical method (Table 3), 


It is seen in Table 3 that the theoretically calculated values are in good agreement with the experimental 
data (apart from the system chlorinated polyvinyl chloride — SKB rubber), thus confirming the electrical theory 
of adhesion. 


We showed earlier [6] that a polymer film after separation contains separate centers of emission, It is suggested 
that the adhesive film is not bound continuously to the substrate, but only to separate regions, and these emit 
electrons after the adhesion bond has been broken, It is to be expected that when regions of the closest and most 
continuous contact are separated, the emission intensity would be higher in such regions, It is well known that 
mechanical treatment of the substrate surface results in an increase of adhesive strength; this is generally attri- 
buted to an increase of contact area.* It was therefore of interest to find whether the emission intensity of a 
detached polymer film is highest at regions where the film had been in contact with a mechanically treated 


* However, this effect may have other causes, such as changes in the surface properties of mechanically treated 
surfaces, or thinning of the oxide film. 
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Fig. 2. Images produced by polymer films by the action of electrons, emitted during 
separation of the films from the substrates, on x-ray film: 

a) emission from regions of chlorinated polyvinyl chloride film attached to deep 
grooves on brass surface; b)same, with the letter E marked on the brass; c) lines 
marked on the brass; d) emission from surface of a gutta-percha film stripped from 
rubber filled with kaolin (no emission from regions in contact with rubber filled 

with carbon black); e)same, stripped from rubber filled with carbon black and 


treated with HySO,. 


Ao, ergs/crp? 


Ss a 


eres eg. Fee 
MH, 80, NW NoOH 


aun 


Fig. 3. Effect of the reaction of the glass surface 
on its adhesion to chlorinated polyvinyl chloride; 
1) and 3) film positively charged after separation; 
2) film negatively charged. 
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surface. For this, grooves were made in a metal (brass) 
surface by means of a file, and the surface was coated 
with a polymer solution. The experiments were per- 
formed in a vacuum roller adhesiometer of modified 
design, in which an x-ray film was placed very close 

to the separating polymer film and moved synchronously 
with it, The photographs show clearly that the electron 
emission was most intense at the regions of the polymer 
film where it was separated from the grooves in the metal 
(Fig. 2,a and c), 


These experiments and the data in Table 3 lead to 
the conclusion that the magnitude of the adhesion (if it 
is caused by electrostatic forces) is closely associated 
with the velocity of the emitted electrons on the one 
hand, and with the intensity of electron emission on the 


other, This is understandable in the light of the electri- 
cal theory of adhesion. 


TABLE 4 


Classification of Various Film—Substrate Systems by the Nature of the Adhesion Bond 


Signs of residual charges in systems separated 
in air 


Systems of the first group 


Chlorinated polyvinyl chloride (—) Steel (+) 

Chlorinated polyvinyl chloride (—) Glass (+) 

Polyethylene (~) SKB rubber (+) (kaolin 
filler) 

Polyethylene (~) SKN rubber (+) (kaolin 
filler) 

Gutta-percha (-) Glass (+) 

Polyvinyl butyral (-) SKB rubber (+) (kaolin 
filler) 

Chlorinated polyvinyl chloride (—) Gelatin 
(+) 

Polyamide (~) SKB rubber (+) (kaolin 
filler) 

Nitrocellulose (~) SKB rubber (+) (kaolin 
filler) 

Gutta-percha (—) Steel (+) 

BF-6 (-) SKB rubber (+) (kaolin filler) 

Chlorinated polyvinyl chloride (-) Ditto 


Polyurethane (-) Ditto 

Gutta-percha (-) SKB rubber (with carbon 
black filler) treated with 
HySO, (+) 

Gutta-percha (—) SKN rubber (+) (kaolin 
filler) 

Polyamide (—) Ditto 

Polyethylene (~) SKB rubber* (+) (con- 
taining 40% carbon 


black) 
Polyvinyl butyral Ditto 
an 
Polyamide (—) Ditto 


Nitrocellulose (—) Ditto 
Chlorinated poly- Ditto 
vinyl chloride 


(-) 
BF-6 (—) 
Polyurethane (~) _ Ditto 
Nitrocellulose SKN rubber (kaolin 


filler) 
Chlorinated poly- Ditto 
vinyl chloride 
(-) 
Polyurethane Ditto 


separation under 


vacuum P = 1°1074 mm 


H 


Emission by PVC 
Ditto 
Polyethylene 


Ditto 


Gutta-percha 
Polyvinyl butyral 


Chlorinated polyvinyl 


chloride 
Polyamide 


Nitrocellulose 


Gutta-percha 
BF -6 


Chlorinated polyvinyl 


chloride 
Polyurethane 
Gutta-percha 
Gutta-percha 
Polyamide 
No emission 
Ditto 
Ditto 


Ditto 
Ditto 


Ditto 
Ditto 
No emission 


Ditto 


Ditto 


Electron emission after 


Work of separa- 
tion atv =1 

cm/sec, in 
ergs/cm? «1 


800 


(continued) 


Type of sepa- 


ration 


Adhesive 
Ditto 
Ditto 


Ditto 
Ditto 
Ditto 
Ditto 
Ditto 


Ditto 


Ditto 
Ditto 


Ditto 
Ditto 
Ditto 


Ditto 


Ditto 
Ditto 


Ditto 


Ditto 
Ditto 
Ditto 


Ditto 

Ditto 

Cohesive, rubber 
splits 

Ditto 


Ditto 


® No electron emission is observed on separation of polymers from this rubber with carbon black filler, although 
the separated surfaces carry charges of opposite sign. Electron emission occurs with lower contents of carbon 


black. . 
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TABLE 4 (continued) 


SKN rubber (kaolin Cohesive, rubber 
BF -6 filler) No emission ! 300 splits 
Chlorinated poly-| SKB rubber (with carbon| Ditto 300 Ditto 
vinyl chloride black filler) treated 
=) with HySO, 


Systems of the second group 


Polyethylene Polyisobutylene 119 Mixed 
Polyethylene Paraffin wax No emission 50.4 Mixed 
Gutta-percha Paraffin wax No emission 50.4 Mixed 


The influence of the chemical structure of the bonded substances on adhesion is a highly important question. 
By De Bruyne's empirical rule, known to specialists, a high degree of adhesion is obtained between polymers of 
similar polarity, i.e., polymers with polar functional groups, or between nonpolar polymers of similar structure. 


Deriagin, Zherebkov, and Medvedeva [3] showed that in most cases there is a correlation between the 
adhesive shear strength of polymers and the similarity of their polarities. They regard this as the most 
convincing evidence of the role of polymer chain diffusion in the formation of adhesion bonds between polymers 
of similar nature. 


The purpose of the present work was to analyze the nature of the adhesion bonds between different types of 
polymers, by disruption of the bonds (and by microscopical investigation of cross sections of the contact surfaces), 
in relation to the chemical structure of the bonded substances, 


It was found that the systems studied can be divided into two main groups. The first group is characterized 
by electrical effects on disruption of the adhesion bond: luminescence in moderate vacuum, electron emission 
in high vacuum, and the presence of residual charges on the separated surfaces. The sign of the charge was deter- 
mined with the aid of a simple radiometric circuit; the following rule was found to apply in all cases: the sur- 
face which emits electrons after separation has a negative residual charge , while the opposite surface, which 
does not emit electrons, has a positive residual charge. 


Microscopical investigations of sections (micrographs are not shown here owing to lack of space) show the 
existence of a sharp boundary between the two polymers in such cases, Sometimes, when the adhesion is parti- 
cularly great, the separation occurs along the polymer film. Neither electron emission nor residual charges on the 
separated surfaces are found in such cases, The work of separation is very large, and in such cases the work of 
adhesion is evidently greater than the work of cohesion, Microscopical investigations also reveal a distinct 
boundary. Systems of this kind are formed from components with strongly polar groups (BF-6 glue and acryloni- 
trile rubber, chlorinated polyvinyl chloride and rubber the surface of which was treated with concentrated H,SO, and 
then washed), 


The following case is of interest. If one of the components is SKB rubber with carbon black filler, no electron 
emission is observed when a film of any polymer is detached from it, although the separated surfaces carry residual 
charges of opposite sign, Separation of polymers from the same rubber, but filled with kaolin, results in very in- 
tense electron emission, A special substrate specimen consisting of alternating bands of rubber containing carbon 
black and kaolin was prepared, and a polymer film was stripped from it, Figure 2,d shows that emission occurs 
only at those regions (of the gutta-percha) which had been in contact with the rubber containing kaolin, whereas 
the regions in contact with the rubber containing carbon black do not emit. However, if the surface of rubber 
containing carbon black, heated at 120°, is treated for 3 minutes with concentrated H,SO, and then washed, which 
leads to the formation of new polar groups in the surface, electron emission may be observed when a gutta-percha 
film is stripped from this surface (Fig. 2,e). 


It must be pointed out with reference to these results that the presence or absence of electron emission when 
the polymer is detached does not in itself prove or disprove the applicability of the electrical theory of adhesion in 
the given instance. The sole significance of electron emission is that it can be used to estimate the potentials of 
the electric double layers from the velocities of the emitted electrons. At the same time, the existence of 
charges on the separated surfaces, representing the residual surface electrification density, which is a certain part 
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of the initial density o of the double layet, is an indication of the electrostatic character of the adhesion bond. 


Systems of the second group (Table 4),consisting of nonpolar components, are significantly different. When 
the components of these systems are separated, no electron emission occurs and there are no charges on the 
separated surfaces. Microscopical examination of sections shows the boundary to be diffuse. This shows that in 
systems of the second group the adhesive bonds are formed by diffusion of the polymer chains in the contact 
zone, It cannot be said that the adhesive bond strengths of either group of systems are higher than those of the 
other. However, the first group contains some "weak" specimens (for example, chlorinated polyvinyl chloride — 
steel, or polyethylene — rubber; see Table 4), 


The reaction (pH) of the substrate is very significant in adhesion effects; this was demonstrated by our 
experiments on the adhesion of chlorinated polyvinyl chloride to glass. 


The experimental procedure was as follows: small amounts (about %, cc) Of HySO, or NaOH solutions of 
various concentrations were applied from a pipet to a glass surface (40 x 70 mm). The solution was spread 
uniformly over the whole surface and the excess was removed by means of filter paper at the edge of the plate. 
A polymer film was then applied in the usual way and its adhesion to glass was determined by means of an 
adhesiogram in the region of high stripping rates. Figure 3 shows the variation of the work of separation Aj at 
v = 1 cm/sec. with the concentration of the solution applied to the glass surface. 


Figure 3 shows that the maximum adhesion Ay corresponds to the neutral region, The separated surfaces, 
in the region of maximum adhesion, carry residual charges: positive on the polymer film and negative on the 
glass. If the glass is covered with a film of acid or alkali solution of high concentration, then the polymer film 
in contact with it must evidently undergo chemical change, probably by surface oxidation in an acid medium in 
the first case, and an alkaline medium in the second. 


When a polymer film is stripped from a strongly acid or strongly alkaline glass surface, there is a sharp 
decrease of the work of adhesion and a change in the sign of the charges on the separated surfaces. The glass 
surface acquires a negative charge, while the polymer surface is positively charged, Thus, the charge reversal 
is accompanied by sharp decreases of the work of adhesion both in the acid and in the alkaline regions, which 
can be attributed only to a decrease of the surface electrification density of the layers of the electric double 
layer in the charge reversal region. 


The authors express their gratitude to Corresponding Member (AN SSSR) B, V. Deriagin for valuable 
guidance, and to V. V. Karasev for helpful advice and constant assistance in the experimental work, 


SUMMARY 


1. The nature of the adhesion bonds in different cases can be determined by investigations of the 
mechanical characteristics of adhesion, of electrical effects observed on destruction of the bond, and micro- 
scopical investigation of the separation boundaries in various systems consisting of polymer pairs, and polymer— 
metal and polymer— glass systems held together by forces of adhesion. 


2. The adhesion bonds between polymer and metal and polymer and glass are electrical in character, as 
shown by the form of the adhesiogram, the occurrence of electron emission on separation, and the existence of 
electric charges on the separated surfaces. 


3. After separation, the polymer film continues to emit electrons and carries a negative residual charge. 
The substrate (glass, metal) does not emit electrons and has a positive charge. 


4, The breakdown of the adhesion bond between two polar polymers of different structure, or a polar and 
nonpolar polymer, is accompanied by the same characteristic effects as the separation of a polymer from glass 
or metal. A sharp boundary is observed in microscopic specimens. 


5, Determinations of the velocities of electrons emitted during separation show that breakdown of a 
firm adhesion bond is accompaniéd by emission of electrons with higher velocities than those emitted in the 
breakdown of a weak bond. These results are in good agreement with the electrical theory of adhesion. 


6. The reaction of the substrate (glass) has a strong influence on the adhesion of a polymer (chlorinated 
polyvinyl chloride) to it, The maximum adhesion is found in the neutral region, The detached polymer film 
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shows a reversal of residual charge in the strongly acid and strongly alkaline regions, accompanied by a sharp 
decrease of the work of adhesion; this can only be attributed to a decrease of the surface electrification density 
of the layers of the electric double layer in the charge reversal region. 


1, Mechanical treatment of the metal surface increases the adhesion of polymers to it and intensifies 
electron emission from the regions of the polymer film which were attached to the treated regions of the metal 
surface, 


8, The formation of an adhesion bond between two nonpolar polymers of similar structure is caused by 
diffusion processes in the contact zone. In such cases no electrical effects are observed during separation, the 
boundary in microscopic specimens is diffuse, and the work of separation depends relatively little on the rate of 
separation. 


9. The systems studied can be subdivided into two groups: the adhesion bond in systems of the first group 
is the result of formation of an electric double layer at the boundary; in systems of the second group the adhesion 
bond is produced by diffusion processes at the boundary. 
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Academy of Sciences USSR 
Moscow 
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THE HYDRODYNAMIC CHARACTERISTICS AND POLYDISPERSITY 


OF SOME ETHYLCELLULOSE SPECIMENS 


is La-Samsonova and Si [as Frenkel 


In investigations of the technical properties of high polymers it is extremely important to know their average 
molecular weights and molecular weight distributions, While these characteristics have been studied in consider- 
able detail for such cellulose esters as nitrocellulose and acetylcellulose [1-4], ethylcellulose has been studied 
very little in this respect [3, 5]. It is known that ordinary technical ethylcellulose, with degree of substitution 
between 2.15 and 2.60, is a very heterogeneous product both in chemical composition and in degree of polymer- 
ization; its fractionation is based on both these characteristics and does not yield homogeneous products [6]. The 
heterogeneity of ethylcellulose is considerably increased by oxidation, as __ this not only results in depolymeri- 
zation, but also alters the functional groups [7]. 


It is therefore highly important to determine the nature of the relationships between the hydrodynamic 
characteristics and the molecular weight, and in particular the relationship between the latter and easily deter- 
mined parameters such as the intrinsic viscosity [7]. This would permit rapid estimation of average molecular 
weights both in the production of ethylcellulose and during the changes which it undergoes in the course of oxi- 
dation, In particular, it is very important in this connection to find how the shape of the macromolecules depends 
on the chemical composition; in other words, to determine whether the function [n] = f(M) alters in the oxidation 
and other chemical conversions of ethylcellulose. 


The scanty data available in the literature [5] on the [yn] = f(M) relationship give high values when used 
for molecular weight calculations, 


It was also desired _to correlate variations of the molecular weight and molecular weight distribution 
of ethylcellulose on oxidation with variations of the mechanical properties of films made from it. 


Materials and Methods 


Commercial specimens of ethylcellulose of different degrees of substitution were used; to remove mineral 
impurities, 1% solutions were passed through purified activated charcoal, followed by reprecipitation, 


Highly substituted ethylcelluloses (N and NI grades) were reprecipitated by water from acetone solution, 
and the low-substituted grade (K) was precipitated by ligroine from alcohol— benzene solution, 


The ethoxyl numbers, determined by the Zeisel method, were 45.5% for ethylcellulose grade K, 47.5% for 
grade N, and 48,5% for grade NI, The specimens were oxidized by heating in a stream of oxygen (3 liters/hour) 
at 110-125°. The principal solvent used in measurements of hydrodynamic properties was dried and redistilled 
ethyl acetate [8]. In addition, the intrinsic viscosity [nj] was measured in alcohol— benzene solutions, The 
partial specific volume of the polymer was determined by the usual method [3]. 


The diffusion coefficients (D) were determined with the aid of Lamm's apparatus, fitted with an optical 
scale, a thermostat for maintaining the temperature to within 0.005°, and an automatic device for photographing 
the scale [9]. The method of the second and zero moment was applied to the diffusion diagrams to determine 
the weight-average coefficient of diffusion Dgm, while the "average" coefficient Da was found by the method 
of the maximum ordinate from the area A [10]. As is known, for polydisperse substances Dym fs Dg (usually 


Solas 


Concentration effects were eliminated by the Boltzmann-Gralen method [17] by skewness of the diffusion 
diagrams in normal coordinates. The values of D were reduced to 20° by means of the usual corrections. 


The sedimentation constant (s) was determined with the aid of a large oil centrifuge [3] at 60,000 r.p.m. 
Two optical systems were used for observing the course of sedimentation: Svensson's inclined slit method [11] 
(which gives a direct image of the refractive-index gradient) for determination of s, and Lamm's combined 
scale method [12] for evaluation of molecular weight distribution. 


The sedimentation coefficient sy, corresponding to the maximum on the sedimentation diagrams (which 
were always almost symmetrical) was calculated from the usual formulas: 


_ 1 ding,, ft An a) = 10 (#1) (1) 
Sa idboe ne ee tg — ty j 


where w is the angular velocity of the ultracentrifuge rotor, xy is the distance of the maximum of the sedimen- 
tation diagram from the rotation axis, and (xy); and (Xp) are the positions of this maximum at times t, and b. 
The values of s,,, were reduced to the standard temperature of 20° and a pressure of 1 atm. [13]. 


The influence of concentration was eliminated by means of the standard construction 


f= 4+Ke, (2) 


where c is the concentration and s is the sedimentation constant. As a rule, K was very small for the systems 
studied, while at s) = 2,s did not depend on the concentration at all, 


Molecular weights were calculated by Svedberg's formula 


Ve (3) 


where sy and Dy are the sedimentation and diffusion constants in the given solvent at infinite dilution; T = 293° 
abs.; R is the universal gas constant; V is the partial specific volume of the polymer (which was 0.860 + 0.004 for 
the system in question, irrespective of the composition of the specimens); p is the density of the solvent, 


In addition, M was determined by the formulas of Flory and Mandelkern [14] 


mo ulal 3: inp (4) 
M''? (4 — Vo) 
MoD ({n] M)'!s hp 
Be ta te (5) 


4 


where (Dp! Pp-!~2.6.10~° . is a constant (valid for all linear polymers); no is the viscosity of thesolvent; N 
is the Avogadro number; [7] in these formulas is expressed in deciliters per g; [] was determined by means 
of the usual hanging-level viscosimeter, and calculated by the standard method. 


The original and oxidized specimens were made into films 30-40 thick, the mechanical properties of 
which were studied by the usual methods, 


Experimental Results and Discussion 


Molecular weights, Effect of the degree of oxidatian, Table 1 gives the coefficients of diffusion, sedimen- 
tation constants, intrinsic viscosities (in two solvents), oxidation conditions, and ethoxyl numbers of the speci- 
mens, The last column of Table 1 gives the average molecular weights calculated from various combinations 
of the hydrodynamic parameters by means of Formulas (3, 4). 
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PARLE St 


Hydrodynamic Parameters and Molecular Weights of Ethylcellulose 


ee 4} = 
xidatioi ‘ 4 it ° 2 
as of Ponditie Be oi 6 5 Ss S < = © ; 
oe Pa is E s S : S 
_ ethylcellulose arn ge Sie al a | = 0 Oy A) al ee. 
ry cf Biot a o = Cy A cs 
; =F ieaeele 2 | 2] 4 = |= | 
NI —| — [48,5] 2.20) 1,85) 5.36] 4.77] 4.42! 2.80] 0.384158.8! 66.1165.6 
NI oxidized 120} 3 46.9] 1.60) 1,40] 7.13] 6.19] 1.15] 2.28 — | 36°50 41.3 At 
NI oxidized 120] 4 44 0} 0.90] 0.79} 7,10] 6.19] 1.15] 2,25] 0.540] 35.5! 40.6130.5 
NI oxidized {120} 7.5 |44.9]0.60] 0.431 8.00] 7.68] 1.04}2.14 — |29.6) 30.8] 20.6 
N —| — [47.5] 2.10] 1.80] 4.49] 4.28) 1.07] 2.19 sate OVO) eC) 
vy —| — |44.5} 2.20] 1.87] 4.40} 2.87) 1,54] 2.67] 0.307 | 67.5] 104.0] 60.0 
K oxidized 125) 1.5 |42.41 4.45] 4.25] 6.95] 4,68] 4.49] 2.12 — |33.9} 50.5} 35,2 
K oxidized [425] 2,25 |41.3] 0.87] 0.80] 7.87] 6.32 1.2411.94] 0.474] 27,5] 34.2] 24.6 


Note: Mg, Deyn 224 Mg, p, are the molecular weights calculated from 
Svedberg's formula based on Dy, and Dag respectively. Msn is the molecular 
weight calculated by Formula (4). 


The differences between the diffusion coefficients 
Dym and Da are evidence of considerable polydispersity 
Ly (Ml) in the ethylcellulose specimens; this also accounts for 
the differences between the molecular weights calculated 
by different methods, It therefore seemed undesirable to 
use combinations of the intrinsic viscosity and diffusion 
coefficients, in accordance with Equation (5), for calcula- 
tion of M. This was confirmed by quantitative estimates. 
2.2, fa The use of Equation (5) for calculation of M for poly- 
disperse substances is undesirable for two reasons. 
Fig. 1. Schematic representation of molecular 


; ae 1. The coefficient D is considerably more sensitive 
weight distribution, 


than [n] to the presence of low-molecular components, 
This is shown schematically and in exaggerated form in 
Fig. 1, which represents a hypothetical molecular weight distribution, with values of the molecular weight cor- 
responding to sq, [n],D, and Dg), indicated on the abscissa axis, It is seen that the best correlation is to be 
expected from combinations of sy with [n], and of sy with Dg. 


2. Equation (5) contains the third power of the diffusion coefficient and the first power of [n], and in 
consequence the influence of experimental errors on the calculation results is large. 


It is clear from Table 1 that all the polymers are of relatively low molecular weight, the most probable 
values generally not exceeding 70*10%. It also follows from Table 1 that the molecular weight decreases with 
progressive oxidation, i.e., oxidation results in degradation of the polymer chains, 


Polydispersity of the specimens. In polydispersity analysis by the method of equivalent Gaussian distri- 
butions it is assumed more or less arbitrarily that the sedimentation curves approximate to the form of a 
Gaussian curve [15]. Figure 2 shows that in this instance this assumption is reasonably well justified. However, 
in all cases the contribution of diffusion to the broadening of the sedimentation curve is large (of the same 
order as that of true polydispersity), and therefore such details of the distribution as the high- or low-molecular 
"tails" are blurred, and the distribution functions Qyw(M) given below should be regarded merely as first approx- 
imations to the truth, Because s depends little on the concentration, it may be assumed in the distribution cal- 
culations that the standard deviation o of the equivalent Gaussian distribution by values of s at the final con- 
centration is related to the true standard deviation (9,) of the distribution by the sedimentation constants in the 


simple proportion 


ae (6) 
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52 Jf 


Fig. 2. Sedimentation diagram for grade K 
ethylcellulose oxidized for 2 hours 15 minutes 


at I20", 


Fig. 4. Molecular weight distribution curves of K 


and NI ethylcellulose: 
1) original; 2) oxidized, 
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Fig. 3, Integral W(M) curve for the molecular 
weight distribution of NI ethylcellulose. 


TABLE 2 


Average Molecular Weights and Coefficients of Dispersion and 
Asymmetry, Calculated from the Distribution Curves 


Type of | 
ethylcellu- 
lose 


(5 hencted 
Mf nl ally) x 


NI 64.8 50,2 38.0 |0,213) 0,132 | 1.56 
NI oxidiz 44.9 33.4 21.0 | 0,243] 0.186 | 2.23 
K 65.6 59.9 47.4 |0.163] 0,097 | 1.70 
K oxidize 37.6 28.0 18,5 [0,226] 0.185 | 1,94 


The values of 6) calculated in this way are used 


So 
to plot integral distribution curves W(sp) = J Qw (So) dso; 
0 


and Ss» is then replaced by M in the abscissa axis (from the 

data of Figs. 8 and 9; see below), A specimen calculation 

for an original NI specimen is illustrated in Fig. 3. Dif- 
M 


ferentiation of the integral curve W(M) = f Qw(M)dM 
0 


gives the required weight curve for the molecular weight 
distribution, Curves for specimens K and NI are given 
in Fig. 4. 


Table 2 gives the values of the consecutive mole- 
cular weights M,, My, M, calculated from these curves, 
the number and wt, dispersion coefficients ( y,/M, and 
Lw/ My respectively, where we =M,Mw -M? and 

. ww = Mw = MwM, —Miy), and the distribution asymmetry 
me y calculated by Jullander's method (from the ratio of 

the areas under the Qyw(M) curves to the right and to the 

left of the maximum ordinate), It is seen that both the 

polydispersity itself, given by the dispersion coefficient, 

and the distribution asymmetry increase on oxidation, 
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Another important result which follows from an examination of Table 2 is that for both oxidized dishoe 
mens My, : Mw: M, = 2:3:4, which corresponds to a distribution function of the form Qw (M) = const Me ; 
where a is a distri bution parameter [16]. This means, on the one hand, that the oxidation process eliminates 
fairly rapidly traces of the initial distributions, which in this case should correspond to binomial model functions, 
and on the other, that the degradation accompanying oxidation is not of a purely statistical character, as this 
would result in the ratio M, : Mw: M, =1:2:3[15, 16]. The possibility is not excluded, however, that such a 


distribution becomes established in more prolonged oxidation. 


The gradual loss of the traces of the initial distribution can also be seen in the diffusion curves for K and 
NI ethylcelluloses, reduced to normal coordinates [17] (Figs. 5 and 6), It is seen that all the normalized curves 
for NI ethylcellulose are similar, whereas the curves for K change appreciably with time. After oxidation for 
1.5 hours the normalized curve is still very similar to the curve for the original specimen, whereas after 2 hours 
15 minutes the curve is practically of the same form as the curve for NI. The difference between the original 
curves and their gradual approach to the same form is in good agreement with the data in Table 2, and also 
with the course of the ratio Dom/Da.- Indeed, the initial distributions Qy(M) for NI and K differ significantly, 
as is clear from a direct examination of Figs. 4 and 5, and still more evident from a comparison of the My 
:My:M, ratios, For K this ratio is 1:1.27:1.38 which corresponds to an irregular distribution (i.e., one which 
does not conform to a model function of the type mKe-—a M), narrower than that of NI. The dis- 
tribution for NI is also irregular, although it is closer to the "recombination" form, with M,:Myw:M, = 2:3: 4). 
This ratio in this case is 1:1.45:1.71. 


log n ye 


: GJ a4 4s 46 47 4élogM 42 G4 46 4 PLogH 


Fig. 7. Logs as a function of log M: 
1) for NI ethylcellulose; 2) for K ethylcel- 
lulose. 


Fig. 8. Log [n] as a function of log M: 
1) for NI ethylcellulose; 2) for K ethylcellulose, 


The difference between the initial and final distributions is considerably less for NI than for K ethyl- 
cellulose, while the nature of the final distribution is the same for both specimens. As the nature of the poly- 
dispersity becomes the same for both, the ratios Dgm/D, also converge. This does not exclude the possibility 
that specimen K contains a low-molecular impurity which escapes notice in the sedimentation diagram. 


These differences in the initial Qw(M) functions reflect the previous history of the ethylcellulose. Milder 
conditions result in the production of the less polydisperse specimen K (but with a greater degree of asymmetry). 
the distribution function of which differs greatly from the Poisson distribution which would be found with random 
degradation of the chains, The degradation during the formation of specimen NI is more random in character, 
although the result is also still very far from a Poisson distribution, 


Hydrodynamic characteristics, The variations of log sy and log [n] with loz M are given in Figs, 7 and 8, 
Because of some discrepancies in the value of M calculated by different equations, the points in Figs. 7 and 8 
represent average values of M. 


It is seen that the points for specimens NI and K are grouped with roughly similar accuracy around the 
same straight lines, i.e,, any possible differences of chemical composition (ethoxyl number and modification 
of side chains on oxidation) are not detectable in the hydrodynamic behavior of the macromolecules, 


The values of sy and [7] as functions of the molecular weight, according to Figs. 7 and 8, are given by 
the expressions: 
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(H] = (2.82. 105M) deciliters/s (7) 


So = (4.6 10-2478) Svedberg units (10 '* CGS). (8) 


Thus, solutions of both ethylcelluloses in ethyl acetate conform to the simple Staudinger equation, At 
first sight this seems somewhat unexpected, as the relationships of the parameters a, and ay in the equations 


s = K,M'- and[q] = KM™ (9) 


contradict the hydrodynamic theories of Flory, Fox, and Mandelkern [14] and of Debye and Beuche [18], which 
predict relationships of this type between sp, [n], and M. 


It is postulated in the Flory— Mandelkern theory that the 
solvent is totally immobilized inside the molecular coils (i.e., 
they are impermeable to the solvent), and the linear dimensions 
of these coils increase, not in proportion to M!/? as would be the 
case in an ideal solvent, but in proportion to M/2q, where o 
is the so-called "swelling parameter" of the macromolecules, 
equal to the ratio of the root mean square distances between the 
ends of the coil in a real and an ideal solvent; R/Ro °a character- 
izes the volume effects due to thermodynamic interaction of 
the macromolecule segments with the solvent. Theparameter 
a is itself a function of the molecular weight, increasing in 


"G4 45 46 47 48 49 proportion to M® where 6 is of the order of 0.1. Since Ry ~M/2 
log 4 R ~M!/2 +8. substitution of R into the equations for [n] 
d i t ti 9), whi itten int 
Fig, 9, Variation Of log D with log M. ne gives the Equations (9), which may be written in the 


[a] = KM +38) | (10) 


Sy = K,M C8), (11) 


Therefore a, = 1/2 + B; a, = 1/2 + 38, i.e., 8 calculated from a, is 0.13, and ap should then be 0.89, whereas 
the experimental value ag = 1 should give 0.67 for ay. These discrepancies are beyond the limits of experimen- 
tal error, To account for them, it might be assumed that in the region of relatively low molecular weights, 
especially for rigid molecules such as those of all cellulose derivatives, a factor such as the permeability of the 
molecular coils to the solvent may play a significant part together with the volume effects, 


This aspect of the question is considered in the Debye— Bueche theory. In this theory the treatment of 
viscosity is by analogy with the simple Einstein law for the viscosity of suspensions of rigid spheres, but the 
constant coefficient 2.5 is replaced by the variable parameter gy (0) which allows for the permeability of the 
macromolecules to the solvent, The frictional factor f, which enters the formulas for the sedimentation and 
diffusion constants 


RT M (1 —Ve) 

Di pani 90) EAT a2) 
by analogy with the Stokes equation for rigid spheres, is f = 69 XRgp(O) , where Rg is the radius of an equiva- 
lent hydrodynamic sphere; m9 is the viscosity of the solvent, and y(@) is another volume factor, which also 
depends on the permeability of the macromolecules. 


The "shielding ratio" 0, of which the factors gand y are functions, also determines the values of ay and 
a); O varies from 0 for completely permeable macromolecules (corresponding to a, = a, = 1) to o for 
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impenetrable coils (when ay = ag = 1/,). For intermediate values of 0, values of #, ¥, ay and ap are tabulated in 
Debye and Bueche's paper [18]. It is important to note that ag > a, in this region in all cases, The reason is 
that in viscous flow the main frictional losses caused by rotation of the macromolecules [15] occur at the peri- 
pheral regions of the coils, where the distribution density of the segments is at a minimum, and which are there- 
fore almost entirely permeable to the solvent, The inequality ag > a, reflects the fact that in rotational motion 
(i.e., in relation to viscosity) the macromolecule as a whole appears to be "more transparent" than in translational 
motion (with respect to s and D). 


It is easy to see that our experimental data do not conform to the Debye~ Bueche theory either. We see that 
a, = 0.63 corresponds to 6 3,5, but this value of 0 corresponds to ap = 0.8; conversely, if we assume that a, = 1, 
then a, should also be unity and sy would not depend on M. We are therefore forced to conclude that the hydro- 
dynamic behavior of ethylcellulose molecules in the range of M < 100,000 can be interpreted in terms of non- 
compact coils, in thermodynamic interaction with the solvent and partially permeable to it. On the assumption 
that the effects caused by swelling and permeability of the macromolecules are additive, we obtain the best 
correlation between a, and ag if we assume that 6 = 10, Then, as the result of permeability only, a, would be 
0.522 and ag = 0.611; for 8 = 0.12, we would have a, = 0.65 and ay = 0.97. This discrepancy is now within the 
limits of experimental error, especially in view of the polydispersity of our specimens. 


The appreciable permeability of the ethylcellulose molecules is evidently the result of the high ridigity of 
the chains, which prevents the formation of compact coils. We can attempt to estimate this rigidity or, which is 
the same thing, the degree of coiling. By the Flory— Mandelkern theory [14] the frictional coefficient of a macro- 
molecule 


— M (1— Ve) 


f So a 


(13) 


where N is the Avogadro number, and the root mean square size of the macromolecule are related by the expres- 
sion 


Fi] n= 51k. (14) 


For the random value M = 5°104, which corresponds, according to Fig. 7, to s) = 2.5 Svedberg units, we have R= 360 
A; the same estimate can be made on the basis of Kirkwood and Riseman's hydrodynamic theory [19] in which, 

as in the Debye— Bueche theory, only the hydrodynamic interaction between the macromolecules and the solvent 

is taken into account. By this theory 


1—V 8 ‘ 
sy) = Ot + Sez, (15) 


where mp is the molecular weight of the monomer, 224 in this instance (for an average degree of substitution of 
2.4); § is the frictional coefficient of one monomer unit; Z is the degree of polymerization, and 


E 


eC wit 


where b is the effective length of a monomer unit, 


A plot of sy against z/2, according to Equation (15), where sp and zile are calculated from the data inFig. 


7 gives b = 25,2 A which corresponds, at M = 5°104, to R = 378 A and is in excellent agreement with the preceding 
estimate. 


If we assume that the chains are fully extended, and use the x-ray value of by = 5.13 [20] for the length 
of the pyran ring, we find the chain length bhZ = 1154 A; the degree of coiling of ethylcellulose molecules in 
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Fig. 10. Load~extension diagram for NI ethylcellulose: 1) original; 2) oxidized 
for 3 hours 20 minutes at 120°; 3) oxidized for 4 hours at 120°; 4) oxidized for 7 
hours 30 minutes at 120°. 
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Fig. 11. Load—extension diagram for K ethylcellulose: 1) original; 2) oxidized 
for 1 hour 30 minutes at 125°; 3) oxidized for 2 hours 15 minutes at 125°, 


ethyl acetate is therefore * 3, For nitrocellulose in the same solvent [15] b = 52 A (in acetone it is 37 A [21)), 
and the degree of coiling is * 2. 


Thus, the configuration of ethylcellulose molecules in solution is in any event more compact than that 
of nitrocellulose molecules (no data for other cellulose derivatives are available), This suggests that ethyl- 
cellulose molecules are. highly flexible; this is in good agreement with the macroscopic properties of ethyl- 
cellulose (the relative elongation of ethylcellulose films is 30%, and that of nitrocellulose is 5-8%). 


In conclusion, it was desirable to estimate the molecular weights of the specimens for which only the 
diffusion coefficients were determined. By the Debye—Beuche and Flory~ Mandelkern theories, 


D=KypM™, 
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TABLE 3 


Diffusion Coefficients and Molecular Weights of Ethyicellulose Specimens for Which sy Was 
Not Determined 


| 


Oxidation o SI'S ¥ ° ? 
conditions 2 N S 5 2 = t = L 
attyice! Phle@le eines [8 age & < 
ethylcellu- ; mC] SO) Sg 3S 2 and - 
sq(ime;, SI Hi eae. & < iS e Q > Q 
gone t °Clhours | 5|"S Sle Oo Q Q < s = S Bs 
Be) Seles 6 pect ee = = 
NI, oxidized] 120] 22/, |47.5/2.05] 1.70 | 6.77] 5.67] 1.19 30.3 39.9 | 37.4 | 45.7 
NI, oxidized] 120] 31/3 /46.7/1.30| 1.20 | 6.64] 6,05] 1.10 | 35.2 | 46.5 | 38.4 | 45.0 
NI, oxidized] 425} 5 135,510.23] 0.22 | 22.19]15,53] 1.42 | 5,14] 15.0] 5.7 | 10.0 
N, oxidized] 110} 8 |43.0/1.40] 1.12 | 8.28] 6,81] 1.21 ]19.5 | 34.9 | 26.9 | 36.7 
N, oxidized} 125| 5 |38.0]0,12| 0.11 |49.7 [37,5 | 1.32 | 0,9 2.4 ied. | ae. 


Note. My ,p are molecular weights calculated from Equation (5). Mg p are molecular 
weights obtained by interpolation in accordance with Fig. 1. 


TABLE 4 where 
Effect of Molecular Weight on the Mechanical 
P ties of Films « RTK, 
roperties o Kp = 7— v= 147.104. 
Type of ethyl- F 
S : May" : 6 €, % This plot is shown in Fig. 9. It is seen that the 
cellulose 21073) | oe : ‘ 
x experimental values of Day, and Dag are grouped satis- 
factorily around the straight line (here log Dp,, is plotted 
NI 60.9 | 703 | 31.8 lative to 1 d log Da relative to lo 
NI, oxidized 41.3 | 527 | 29:0 TeIORYe 40 2 Si Dery Oe ee 
NI, oxidized 35.5 395 | 17.6 Mg Da’ because in the AM range for the difference be- 
NI, oxidized | 30.2 339 | 6.4 tween the molecular weights corresponding to Dpg,, and 
N 55.0 680 | 30.0 
K 67.5 730 | 35.0 D, (compare Fig. 1) so, which is only slightly dependent 
K, oxidized 40.2 664 | 30.0 on ate can be regarded as approximately constant), Values 
K, oxidized 27.5 403 | 11.9 


obtained by interpolation from this plot are given in 
Table 3. 


Effect of mdlecular weight on the mechanical properties of films. Average molecular weights, tensile 
strengths F, and relative elongations € are given in Table 4; it is seen that as the molecular weight decreases the 
mechanical properties of ethylcellulose films deteriorate sharply, and the load — extension diagrams change, 
becoming flatter (Figs. 10, 11). 


SUMMARY 


1. The ethylcelluloses studied were of relatively low molecular weight, the probable values not exceeding 
70,000; they also had considerable polydispersity, The polydispersity of specimens with molecular weight distri- 
butions which are not susceptible to the usual statistical analysis reflects, to some degree, their previous history 
(method of preparation), 


2. Oxidation is accompanied by depolymerization and a change in the nature of the polydispersity. Both 
the breadth and the asymmetry of the distribution increase with increasing degree of oxidation, 


3. Moderate differences in the chemical composition of ethylcelluloses, caused by differences in the degree 
of substitution or oxidation, are not reflected to a measurable extent in the hydrodynamic behavior of the macro- 
molecules, The relationships between the intrinsic viscosity and the sedimentation constant, and the molecular 
weight in ethyl acetate, are of the form [n] = 2.82°1075 M, Sy = 4.6°107? M! ~°-8 where [n] is expressed in 
deciliters per gram, and Ss is Svedberg units, 


4, If the pyran ring is regarded as the kinetic unit of the chain, the effective length of an ethylcellulose 
chain unit is 25 A, which is half the value for nitrocellulose ip the same solvent. This shows that the molecular 
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colls in ethylcellulose aré more compact, and therefore that the ethylcellulose chains are more flexible, than 
those of other cellulose derivatives, in harmony with their macroscopic properties, 


The mechanical properties of films prepared from ethylcellulose during oxidation deteriorate sharply with 
progressive oxidation, i.e., with decrease of molecular weight, 
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INVESTIGATION OF THE COAGULATION OF RUBBER LATEXES 


WITH THE AID OF RADIOACTIVE ISOTOPES 


D. M. Sandomirskii and M. K. Vdovchenkova 


The action of electrolytes on latexes is the basis of the separation of polymers from latexes in emulsion 
polymerization, and of a number of methods (ionic deposition, gelation) for the production of rubber goods 
directly from latex [1]. Calcium chloride solutions are widely used in these processes. The behavior of latex 
in these operations greatly depends on its stability; one method of determining this is in terms of the so-called 
"coagulation threshold," i.e., the minimum quantity of electrolyte required for the coagulation of a definite 
portion of the latex. However, for some synthetic latexes it is difficult to determine the instant of coagulation, 
and the results obtained may depend on the concentration of the latex and other factors [2]. 


Coagulation of a latex by the action of bivalent metal ions can occur both owing to a change in the 
electrokinetic potential of the globules, and owing to formation of water-insoluble compounds by reactions of 
the cations with anions of the stabilizer. In the latter case the amount of the cation irreversibly bound with 1 g 
of the coagulum might serve as a measure of the stability of the latex. To verify this possjbility, it was first 
necessary to determine whether this value is sufficiently constant and independent of such factors as the concen- 
tration of the coagulant salt solution and of the latex. 


To 1 ml of latex (Table 1) 1 ml of a solution of Ga¥cy of known activity and concentration was added. 
The coagulum was washed in water at the boil until the activity of the water ceased to increase; it was then 
asked and the radioactivity of the ash was determined by the usual methods, The amounts of Ca"+ in meq, 
combined with 1 g of coagulum, was calculated. We shall term this value the calcium number. 


TABLE 1 


Composition and Properties of Latexes 


Name of latex Nature of polymer Stabilizer Original con- 


tents of solids, 


Yo 


L-4 Polychloroprene = 48.9 

L-3 The same “i 48.6 

VKh-2 The same Sodium salts of tridecylic*and 38.4 

paraffinic acids 
SKS-30n Butadiene—styrene copoly- | Potassium naphthenate 27.2 
mer 

SKS-50n The same Potassium naphthenate 29.4 

SKS~50n The same Potassium paraffinate 49,14 
Natural latex Natural rubber Natural proteins and resins 34,2 
Qualitex** The same The same 61.6 
Revultex** Natural rubber, vulcanized | The same 60.1 
Standard Revertex*** Natural rubber Same, with alkali soap 69.5 


* Tridecylic acid tagged with c™ in the carboxyl. 
** Concentrate obtained by centrifuging. 
*** Concentrate obtained by evaporation. 
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TABLE 2 


Effect of Concentration of the Coagulant Solution (c,) on the Calcium 


Number 
Cy in Calcium number in meq/g 
milli- —— 
Poles L-4 | sks-50n SKS-30n]|SKS-50n Revertex | Qualitex 
r 
6 0.094 0.099 0,087 0.4114 0.030 


8 0,054 0.094 0.099 0.086 0.109 0,030 
10 0.055 0.090 0.097 0.085 0.108 0.034 
12 (),055 0.093 0.097 0.086 0.108 0.033 
14 0,054 0.091 0,099 | — 0.4110 0.032 


TABLE 3 


Effect of Concentration of the Latex (c,,) on the Calcium Number 


. Calcium]| Name of cy in % |Calcium 
cy, in % | number number 
inme latex i 


L-4 34.2 0.024 SKS -30n 28.4 0,054 
19.5 0,022 14.0 0.050 
9.5 0.020 70 0.049 
5.2 0.022 3.0 0.049 
Lad 35,3 0.007 Qualitex 51.2 0.006 
17.6 0,007 23.1 0,006 
1.8 0.007 17,0 0.006 
VKL-2 36.0 0,032 10.2 0.006 
18.0 0.034 Revertex 54.0 0.114 
3.6 0.032 36.0 0.110 
SKS-30n 25,0 0.046 18.0 0.109 
18.0 0.045 6.0 0.110 
42,5 0.046 
6,0 0.047 
TABLE 4 
Effects of Storage, Dialysis, and Aging of Latexes on the Calcium Number 
Calcium number in meq/g 
Name of after storage after dialysis 
latex 
0 2 7 0 4d 10d 45 d 
ee months | months a4 a a 
L-4 0,054 0.034 0.045 0.021 0.009 0.008 0.006 
L-3 0,055 0,035 0.006 — a ee — 
VKh-2 — aS — 0.032 0.010 0.009 0.008 
Revultex 0.034 0.009 0,002 — — = aes 
Qualitex 0,033 0.005 |coagul. — _— eae = 
Calcium number of L-4 in meq/g after aging at 70° 
0 | 2 days | 4 days | 6 days 8 days 
0.047 | 0.028 | 0.027 | 0.025 | 0.024 


The calcium numbers of various latexes on coagulation. with Ca*Cl, solutions of different concentrations 
are given in Table 2, 
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It follows from the data in Table 2 that the quantity of calcium ions required to give 1 g of coagulum 
does not depend on the concentration of the coagulant solution, 


The data in Table 3 show that the calcium number is also independent of the concentration of the latex.* 


The calcium number can therefore be used as a measure of the stability of a latex to electrolytes, The 
greater the calcium number, the more electrolyte is required to coagulate the latex, and therefore the higher 
is its stability, 

It was of interest to determine the variations of the calcium number when the stability of the latex is 
known to decrease, as in storage or during dialysis. The revelant data are given in Table 4. 


The data in Table 4 show that the calcium number can be used in studies of the variations of the sensiti- 
vity of latexes to electrolytes as the result of various teatments, It is seen in the case of natural latex and its 
concentrates that the introduction of additional stabilizers, as in the production of Revertex, results in a con- 
siderable increase of the calcium number, Concentration by centrifuging (Qualitex, Revultex), when a part 
of the protective substances is removed with the serum, decreases the calcium number. The results also agree 
with everyday technological experience. The technological properties of all the latexes studied, as determined 
by their stability to the action of electrolytes, show a correlation with their calcium numbers, 


To determine what proportion of the stabilizer combines with the cation on coagulation, experiments 
were carried out on the coagulation of VKh-2 latex with a tagged stabilizer. The coagulant was 3% acetic acid 
solution or 0.4% calcium chloride solution (not radioactive), The unchanged stabilizer was extracted with 
alcohol from the dried coagulum, the amount being found from the activity of the dried extract. If the extract 
of a latex film made by drying is taken as 100% (all the sodium tridecylate being extracted), 98.7% is extracted 
from an acetic acid coagulum, i.e., almost the same amount; in coagulation with calcium chloride, only 73.6% 
is extracted, In the first case, tridecylic and paraffinic acids are formed, which are insoluble in water but 
soluble in alcohol; in the second case, a part (~24%) of ‘the tridecylic acid is converted into the calcium salt, 
which is not soluble in water or alcohol. Thus, in the coagulation of rubber from a latexit is not necessary for 
all the stabilizers to be converted into an insoluble form. 


The coagulation of a number of synthetic latexes with H,S*0, was also studied. It was found that the 
coagulum, after being washed, was not radioactive. Therefore anions are not adsorbed in the process, 
SUMMARY 
1. A new method is described for determination of latex stability with the use of Cae 


2. The quantity of calcium ions combined in the coagulation of 1 g of rubber (the calcium number) 
does not depend on the concentrations of the coagulant solution or latex. 


3. The calcium number decreases on aging, dialysis, or centrifugation of the latex. 


4, When a latex is coagulated, only part of the stabilizer is converted into an insoluble form. 
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THE STRUCTURE AND ADSORPTIVE PROPERTIES OF SILICA GELS 


PREPARED FROM ALKALINE MEDIA 


IB. Slintakova and I. -E. Neimark 


When silicic acid gels are precipitated in presence of excess sodium silicate, the so-called “alkaline 
silica gels" are formed, The preparation and properties of these gels were studied by Kharmadar'ian and his 
associates [1], Markov and Nagornaia [2], and Plank and Drake [3], Kharmadar'ian et al. [1] showed that gels 
obtained from alkaline media have large pores and low strength, Their explanation for this fact was that when 
coagulation takes place in an alkaline medium a part of the sodium silicate remains unchanged and fills the 
structural cavities in the silica gel; these cavities become empty when the gel is washed and give rise to a 
coarsely porous structure, This explanation seems to us to be improbable. 


According to Kharmadar'ian's data [1] the sorptive activity of silica gels washed with hydrochloric acid 
solution was in two instances somewhat higher than that of a gel washed with water, and in one instance it was 
the same. 


Markov and Nagornaia [2] noted that the number (in %) of small pores is increased when gels prepared in an 
alkaline medium are washed with acidified water, However, they did not have the modern methods for studying 
the pore structure of adsorbents at their disposal, and they based their conclusions on studies of static activity 
which, as is known, cannot provide a complete characterization of the pore structure of silica gels, Plank and 
Drake [3] found that silica gels precipitated in alkaline media have smaller specific surfaces than gels precipitated 
in an acid medium. 


We showed earlier [4] that the pH of the wash water has a considerable influence on the pore structure of 
silica gels obtained from acid media. It was therefore of interest to carry out a systematic study of the influence 
of the pH of the wash waters on the adsorptive properties of alkaline silica gels. 


The object of the present investigation was a more detailed study of the pore structure and sorptive pro- 
perties of gels precipitated from alkaline media, and to determine what factors influence the pore structure of 
these gels. 


Methods for the preparation and testing of the alkaline silica gels. A definite amount of dilute sodium 


silicate solution was added to sulfuric acid solution, to an alkaline reaction. In order to retard coagulation, 

which usually occurs instantaneously, dilute solutions of water glass and sulfuric acid (sp. gr. 1.07-1.12) were used; 
coagulation was observed after 1-2 minutes, This allowed time for thorough stirring of the mixture and deter- 
mination of the pH of the sol by the potentiometric method with the aid of an antimony electrode, The alkaline 
hydrogel was aged for two days, and then broken into 1-2 cm pieces and divided into several portions; separate 
portions were washed by decantation with aqueous solutions of different pH. Acid wash liquors with pH < 7.0 
were prepared by addition of different amounts of sulfuric acid to distilled water; alkaline solutions with pH > 7 
were made by addition of ammoniacal water, The washed gels were dried in a drying oven at 125° for 6 hours, 


For evaluation of the sorptive characteristics of the alkaline silica gels, isotherms for the sorption of methyl 
alcohol vapor were determined with the aid of a vacuum apparatus with a quartz spring balance. The sorption 
isotherms were used to calculate the specific surfaces, volumes of the adsorption spaces and transitional pores, and 
the effective pore radii, The apparent and true densities were determined, the total pore volumes being calculated 
from the results; the static activity corresponding to the amount of benzene sorbed from saturated vapor was also 


determined, 
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Effect of pH of the wash water on the pore structure of alkaline silica gels. Hydrogels precipitated in an 


alkaline medium were divided into two portions; one was washed with an aqueous solution of pH 2.0-2.5, and the 
other, at pH 8.5-10.3, The washing was continued for 12 days. 


TABLE 1 


Sorptive and Structural Characteristics of Alkaline Gels 


Series | if | II | Ill | Vv | VI 
Specimens | fl | 2 3 | 4 | oy) | 6 ie» | WS 17 | 22 
H of sol 8.2 coda) 8.6 9,2 10.3 . 
oH of original wash PAR) {0,2 PANG) 10,2 2,0) 8.6 Paes | 1053 Pape 10% 
water 


pH of wash water 2,5 9.8 20) LOR Om ere 8.6 20) 9.8 Dede AO 
after 24 hrs. 
Apparent xerogel 0.87} 0.85 | 0.84 | 0.78 | 0.75 | 0.78 | 0:87] 0.82) 0.77] 0.84 
density, g/cc 


es a a, 0: 70)| 02722) 0474 170-88" | 0°87 170783" 0270)!" On76 0584) 0574 


cc 
Eimituiaworptive 0.74| 0.72 | 0,72 | 0.80 | 0,88 | 0.80 | 0.70} 0.75] 0,84] 0.74 
pore vol., cc/g 


Vol. of adsorption OCT Ona 2OR4ee | Oe SO 509R sO 20 4 — = 
sinchace/s 


Effective pore 15, 122 14 26 17 26 23 | 31 20 37 
radius in A 
Spec, surface in 570 | 280 687 | 3857 | 695 | 495 — | 398 522 304 
m/g, by BET 
equation 
Same, Kiselev's 580 | 319 668 | 428 | 675 | 495 — | 420 545 319 

method 


The sorptive and structural characteristics of these silica gels are given in Table 1. 


Comparison of the structural and sorptive characteristics of silica gels the alkaline hydrogels of which 
had been washed with solutions at pH 2 and pH 10,3 respectively (see Table 1) shows that their total pore 
volumes and limiting sorptive volumes are similar, but their specific surfaces differ, Further investigations 
showed that the pore volume distributions by radius are also different for these gels. 


Figures 1 and 2 show isotherms for the sorption of methyl alcohol vapor on silica gels, the hydrogels of 
which were prepared in an alkaline medium and washed with solutions at pH 2.0 and pH 8.6-10.3 (Specimens 1, 
and 2; 17 and 22), The black points represent desorption, The upper portions of the diagrams give the different- 
ial curves for pore volume distribution by effective radius. 


It is seer in Figs, 1 and 2 that in every instance the sorption isotherms for silica gels washed with acid 
water lie above the corresponding curves for gels washed with alkaline water, in the region of low relative 
vapor pressures, This shows that the gels washed with acid water have highly developed micropores, and there- 
fore greater specific surfaces, The effective pore radius in these gels is low. For example, silica gel specimens 
1 and 2 of Series I, which differ only in the washing conditions, have very different pore distributions: specimen 
1 washed with a solution of pH 2.0, has a predominant pore radius of 15 A, while the silica gel washed with 
alkaline water (specimen 2) has a value of 22 A. The volume of the adsorption space is 0.47 ce/g in the former 


case, and 0.14 cc/g in the latter, The specific surface of the former specimen is double that of the latter (see 
Table 1), 


The high specific surface and the relatively high limiting sorptive capacity of alkaline gels washed with 
water at pH 2.0 is noteworthy. Silica gels of mixed structure, with extensive volumes of both fine and coarse 
pores have not been described in the literature, 


In all probability, the reason for the considerable increase of the specific surface of alkaline silica gels 
when their hydrogels are washed with acid solutions at pH 2.0 is that the acid of the wash water reacts with the 
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G2 a 


a6 = 08 p/p, 


Fig. 1. Isotherms for the sorption of 
methyl alcohol vapor on alkaline silica 
gels: 1) specimen 1,. washed at pH 2.0; 
2) specimen 2, washed at pH 10.2. 


mmoles. 
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Fig. 2. Isotherms for the sorption of 
methyl alcohol vapor on alkaline silica 
gels: 1) specimen 17, washed at pH 2.1; 
2) specimen 22, washed at pH 10.3. 


TABLE 2 
Sorptive and Structural Characteristics of Alkaline Gels Washed With Weakly Acid Waters 


Series | 


| VI | VII 


IV 
Specimens | 8 | 9 | 10 14 | 15 | 18 | 19 | 20 24 | 25 
pH of sol 8.1 9.2 10.3 1G 
pH of original wash 2.6 | 6.6 | 6.8 | 6.6 |6.8 | 2.6 |6.6 | 6.8 | 6.6 | 6.8 
water 
Hof wash water | 8.4 | 8.8 | 8.3 |8.8 | 8.5 | 8.5 | 9.1 >| 8.8 | 8.0 | 8.0 
after 25 hours 
so pt density, | 0.87 | 0,87 | 0.84 | 0,92 | 0.87 | 6,88 | 0,90 | 0.85 | 0.75 | 0.75 
g/cc 
Total pore vol., 0.70 | 0,70 | 0.74 | 0.63 | 0.70 | 0,68 | 0.66 | 0.72 | 0.86 | 0.87 
cc/g 
% 0.70 | 0.72 | 0.64 | 0.70 | 0,65 | 0.67 | 0.74 | 0.86 | 0.89 


Limiting heey 0,70 
pore vol., cc/2 


unchanged sodium silicate retained. in the intermicellar spaces, forming silicic acid sol, and then gel. As the 
additional precipitation of the silicic acid takes place in an acid medium, mainly fine pores are formed, giving 
rise to an extensive specific surface in the alkaline silica gels. 


It was important to determine the influence of washing on the structure of alkaline silica gels, with the 
use of weakly acidic solutions (pH > 2.0) in which the hydrogen ion concentration is not sufficient for additional 
precipitation of the residual sodium silicate, For this, 4 series of silica gels were prepared, the hydrogels being 
washed with waters at pH from 2.6 to 6.8. 


The salts formed in the precipitation of a hydrogel are usually washed out of it within 10-12 days. When 
alkaline hydrogels were washed with weakly acidic waters for a fairly long time (20 days), it was found that the 
wash waters became alkaline. Despite the fact that the hydrogel was covered daily with a fresh portion of 
acidified water at pH 2.6-6.5, after 24 hours this water became alkaline, and had pH 8.0-8.8 (see Table 2), 
The lumps of the alkaline hydrogel became loose and crumbled into smaller pieces. Silicic acid was detected 
in the wash waters, 
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Table 2 gives the changes in the reaction of the wash water after the washing of the hydrogels, and the 
structural characteristics of the silica gels formed. 


It follows from these results that the total pore volumes of the alkaline silica gels formed differ very little 
from each other, The isotherms for the sorption of methyl alcohol vapor on these specimens almost coincide (see 
Fig. 3). The specific surface of these gels is low. 


The formation of complex silicates is possible when 
silicic acid gel is precipitated in an alkaline medium 


mmoles (with excess of sodium silicate), Evidence for this is 
5 provided by Krestinskaia's results [5], indicating the 
formation of complex silicates by the action of alkali 
: on silicic acid sol, and also by the results obtained by 
12 one of us jointly with lankovskaia and Piontkovskaia [6] 
in experiments with the use of tagged calcium, The 
a complex silicate formed probably enters the nucleus of 
g the micelle, while the simpler silicate, capable of dis- 
sociation, is on the micelle surface. When an alkaline 
5 gel is washed with a weakly acidic solution, ion exchange 
4 probably takes place between the cations of the silicate 
on the micelle surface and the hydrogen ions of the wash 
a water. As aresult,the wash water becomes alkaline. The 
P alkali formed in the solution partially dissolves silicic 
0 G2 Qh 06 U8 10 d/dg acid from the gel surface; the silicic acid can be detected 
Le a in the wash water by means of the ammonium molyb- 
Fig. 3. Isotherms for the sorption of methyl date reaction, Dubrovo's data supports this view [7]. 


alcohol vapor on alkaline silica gels: 1) spe- 
cimen 18, washed at pH 2.6; 2) specimen 19, 
washed at pH 6.6. 


Since all the alkaline hydrogels have the same 
reaction (pH ~8,5) after being washed with acid water, 
irrespective of the pH of the original wash water, the 
resultant silica gels should all have the same structure; 
this is found to be the case (see Table 2 and Fig. 3). 


When the alkaline hydrogels were washed with acid solutions ( pH ~2.0) (see Table 1), the wash waters did 
not become appreciably more alkaline. This is probably because the alkali formed as the result of ion exchange 
has little influence on the pH of the water owing to the high excess of hydrogen ions in the latter. No SiQ, was 
detected in the wash liquor with which the alkaline hydrogel had been converted for a considerable time. Evidently 
peptization of the alkaline hydrogel does not take place in wash waters with high hydrogen ion contents, 


All the alkaline hydrogels had a large volume of coarse (transitional) pores. This is probably the consequence 
of the definite precipitation conditions in an alkaline medium, leading to aggregation of the micelles into larger 
particles. When such a hydrogel is dried, the packing of the primary particles is looser and the cavities between 
them are larger, leading to the formation of large pores. Moreover, when waters at pH 8,6-10.2 are used for the 
washing the framework of the alkaline hydrogel is strengthened and such a gel offers a greater resistance to com- 
pression under the action of capillary forces during drying, so that a coarsely porous silica gel is formed. 


These experimental results show that it is possible to prepare silica gels of mixed structure and large 
specific surface, containing considerable volumes of both fine and transitional pores, 


Alteration of the structure of alkaline silica gels by treatment of their hydrogels with concentrated acids. 
It was of interest to find the effect of treatment of the washed hydrogels with concentrated acids on the pore 


structure of the dried silica gels, In these experiments hydrogels were precipitated in an alkaline medium, washed 
free of salts with ammonia solution of pH 9,8-10.0, and divided into several portions, One portion was immediately 
dried at 125°; this provided the control specimens (Nos. 2 and 4), while the other portions were treated with 6 and 
10 N sulfuric acid or 6 and 10 N hydrochloric acid for two days. After the acid treatment the hydrogels were 


washed with distilled water to a negative reaction for SOZ or Cl and dried at 125° in a drying oven (specimens 
38, 40, 43, and 51). 
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The structural and sorptive characteristics of alkaline silica gels the hydrogels of which were treated with 
acids are given in ‘Table 3; data on the structure of the control specimens are given for comparison. 


TABLE 3 


Structure and Sorptive Characteristics of Alkaline Silica Gels Treated With Acids 


Specific sur- 
pH of Acid used for | Apparent} Total  lpffective| face in m?/g 
Specimen | hydrogel} treatment of | density | POT {pore 


wash washed in cc/g | YOlUMe | adius in| BET | Kiselev's 
water hydrogel ° | in cc/g jn ethod| method 
2 (control) 9.8 a 0,85 0,72 22 280 319 
40 9.8 6 NV HCl 0.70 0.96 34 018 [Paes 
43 9.8 10 NHC Ona) 0.94 30 568 578: 
38 9.8 10 N H,SO, 0.69 4,00 35 036 034 
4 (control) 10.0 — 0.78 0.83 26 357 420: 
10.0 6 N H.SO4 0.68 1.04 35 640 660: 


It follows from Table 3 that impregnation of alkaline hydrogels, previously washed with ammoniacal water 
(pH 9,8-10.0), with fairly concentrated acids leads to increases of the total porosity and of the specific surface, 
the latter being roughly doubled. 


mmoles 


mmoles 
mmoles 


G0 de G4 06 08 DY, 


Fig. 4, Isotherms for the Fig. 5. Isotherms for the sorption Fig. 6. Isotherms for the sorption 
sorption of methyl alcohol of methyl alcohol vapor on of methyl alcohol vapor on 
vapor on alkaline silica alkaline silica gels washed with alkaline silica gels washed with 
gels washed with ammonia- ammoniacal water; 1) specimen water at pH 2.0: 1) specimen 1, 
cal water: 1) specimen 2, 4, control; 2) specimen 51, control; 2) specimen 36, addition- 
control; 2) specimen 38, treated with 6 N H,SO,. ally treated with 6 N H,SQ,. 
treated with 10 N H,SO,. Black triangles represent desorp- 
tion. Curves for pore volume 
Figures 4 and 5 give the isotherms for the sorption of methyl distribution by effective radius 
alcohol vapor on the control specimens (2 and 4), washed with are shown at the top. 


ammoniacal water, and on specimens 38 and 51, the hydrogels of 

which had been treated with concentrated acids after washing. It follows from these isotherms and the curves 

for pore volume distribution by effective radius (see the upper portions of the diagrams) that the volume of the 
micropores in the dry silica gels is increased as the result of acid treatment of hydrogels washed with solutions 
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at pH 10.3, This is shown by the sharp ascent of the isotherms at comparatively low relative pressures, The pore 
diameters of these silica gels also show some increase. The limiting sorption capacity of the treated silica gels 
increased (see Figs. 4 and 5). 


TABLE 4 


Structure and Sorptive Characteristics of Alkaline Silica Gels Treated With Acids 


Specific surface 


pH of t| Total Effective] ~ 
hydrogel] Acid used for aeeaty pore pore in m’/g 
Specimen | wash ie i of jin g/cc | volume | tadius in ger | .Kiseley’s 
water | HYSTOG in cc/g A |me method 
4 (control) 2.0 — 0,87 0.70 15 070 580 
36 2.0 6 N H2SO,4 0.84 0.78 19 550 903 
39 2.0 10 N HCl 0.84 0,78 18 595 594 
3 (control) 2.0 — 0.84 0,74 14 687 668 
49 2.0 6 N H.SOg 0,82 0.76 17 700 684 


The probable reason for the change in the structure of alkaline gels washed with ammoniacal water and 
then treated with concentrated acids is that during the washing the ammoniacal solution peptizes the gel, and 
silicic acid is formed in the intermicellar spaces. Treatment with concentrated acid results in secondary coagu- 
lation of the silicic acid, with a consequent increase of the specific surface of the silica gel formed. Moreover, 
the concentrated acid partially dehydrates the silicic acid micelles and thereby strengthens the gel framework, 
leading to the formation of more coarsely porous structures, with greater limiting sorptional pore volumes. 


Treatment of alkaline hydrogels, previously washed with acid solutions (pH 2.0), with concentrated acids 
(specimens 36, 39, and 49) does not increase the already large specific surface, but merely increases somewhat 
the effective pore diameter (see Table 4), 


Figure 6 shows the isotherms for the sorption of methyl alcohol vapor, and differential distribution curves, 
for control specimen 1 and for specimen 36, the hydrogel of which had been washed in a solution at pH 2.0 and 
then treated with 6 N sulfuric acid, followed by washing with distilled water. It is seen that the isotherms for 
both specimens have initial steep rises, which indicate extensive microporosity and a large specific surface. 
However, at higher relative pressures the sorption isotherms for specimen 36 is further to the right, indicating an 
increase of the pore size in the gel. 


The probable reason why concentrated acid treatment of alkaline gels washed with solutions at pH 2.0 does 
not increase the already large micropore volume is that the secondary coagulation of silicic acid in the inter- 
micellar spaces have already taken place during the first acid wash. 


SUMMARY 


1. Washing of alkaline hydrogels with acid waters (pH 2) yields coarsely porous silica gels with large 
specific surface, The increase of the micropore volume in these silica gels is probably the result of secondary 
coagulation of the unreacted sodium silicate in the intermicellar spaces under the action of the acid waters. 


2. If alkaline hydrogels are washed with weakly acid solutions (pH > 2.0), the wash waters become 
alkaline, possibly as the result of ion exchange between the cations of the silicates in the micelles and the hydro- 
gen ions of the acids in the wash waters. These coarsely porous silica gels have a small specific surface. 


3. If alkaline hydrogels, previously washed with ammoniacal water, are treated with concentrated acids, 
silica gels of large micropore volume and very high total porosity are formed, Treatment of alkaline hydrogels, 


previously washed with acid water, with concentrated acids merely increases the effective pore radius in these 
Silica gels, 
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4, It has been shown for the first time that silica gels of mixed structure and of large specific surface (600 
m7/g) can be prepared, 
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PROCESSES OF STRUCTURE FORMATION IN MILK FAT AND THEIR 
SIGNIFICANCE IN THE PRODUCTION OF BUTTER 


Me bet eutoivin), oN. VlLodayets and P. A. Rebinder 


The development of physicochemical mechanics [1] is continuously widening the range of important practical 
problems where the application of this science gives very valuable results, The necessity of conferring prede- 
termined mechanical properties on particular materials arises not only in the development of methods for the 
production of new plastics, building materials, and heat-resisting alloys, but also in reassessment of technological 
processes for the production of substances which have long been known, where at first sight it might seem dif- 
ficult to introduce an element of novelty. 


The production of butter, one of the most important consumer products, is being rapidly modernized. The 
lengthy and laborious process of churning in cumbersome batch churns is being replaced by a continuous process, 
based on the cooling and mechanical treatment of high-fat cream in continuous coolers fitted with agitators, The 
product leaving the cooler is fed directly into packages, where it hardens and turns into butter of normal compo- 
sition, excellent flavor characteristics, and adequate keeping qualities. 


However, this efficient process does not always yield butter of good enough consistency, and study of methods 
for regulating the mechanical properties of butter is therefore of urgent importance, 


The consistency of butter should conform to the following requirements: 1) the butter should not be too 
"soft," and a lump should retain its form, without spreading even at 20-25°; 2) the butter should not be too "hard," 
"brittle " "splittable," or "crumbly;" it should be fairly plastic even at 10-15°; 3) the butter should be macro- 
homogeneous: it should not leave a “sandy” or "floury” sensation on the tongue, and it should not separate into 
individual layers, 


Attempts to replace these descriptive evaluations by objective determinations of mechanical properties 
have given rise to many different instruments and methods of measurement [2], for evaluation of the strength 
properties of the test samples in various ways. Most of these methods are empirical. 


Characterization of the mechanical properties of milk fat and butter, Precise temperature control is par- 
ticularly important in studies of the mechanical properties of butter and fats, Such temperature control is con- 
veniently effected in the Hoppler consistometer, in which the speed of immersion of a ball pushed by means of 
a thin rod under the action of a known load along the axis of a vertical cylinder filled with the substance under 
test is measured, The cylinder can be filled by direct insertion into a lump of butter; with the lower end of the 
cylinder closed by an air-tight lid, the mechanical properties of the specimen can be studied with its structure 
practically undisturbed, 


Figure 1 gives curves for the deformation (€) as a function of time (7) at different values of the effective 
shearing stress, for a milk fat sample determined at 15° in the region of creep flow by means of the Hoppler 
consistometer, The depth of immersion was taken as the measure of deformation, and the load per unit cross 
section of the sphere was taken as proportional to the effective shearing stress (P). It is seen in Fig. 1 that milk 
fat exhibits appreciable elastic properties in this region, After a sufficiently long time, the flow process becomes 
steady without breakdown of the structure. At higher shearing stresses the structure breaks down very rapidly, 
and the flow rate rises sharply. 


We investigated the extent to which the flow curves obtained with the aid of this instrument satisfy the 
principal criterion for the admissibility of "semiabsolute" methods — the criterion of invariancy, independence 
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of the geometrical dimensions of the instrument [3]. For 
a highly viscous true liquid (colophony at 60°), measurements 
with spheres of two different radii (0.799 cm and 0,635 cm 
in a cylinder of 1,008 cm radius) gave equal values of the 
deformation rate (€), which in the case of the smaller sphere 
uae - is taken as 0,278 of the steady immersion rate, at equal 
5 EN Ben values of the shearing stress, The viscosities calculated in 
= 

absolute units also coincided. Similar curves were obtained 
for milk fat cooled in a continuous flow cooler at a rate of 
0.11° per second, and kept at 8°, The determinations were 
performed at various temperatures, at which the samples 
were previously conditioned for 1 hour. As Fig. 2 shows, 
here also the flow curves obtained by means of the Hoppler 
consistometer with the use of spheres of different sizes are 
also practically invariant; the use of this instrument for the 
study of such systems is therefore fully justified. 
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The strength properties of disperse structurized systems 
C 1100 Ae eer are often characterized by the value of the dynamic limiting 
shearing stress Pm, determined by extrapolation of the linear 
portion of the low curve to the abscissa axis. The plastic 
viscosity n* is usually also calculated. In the present 
instance it proved ‘convenient to use the value of the effective viscosity n at a constant immersion rate of 0.01 
cm/second of a sphere 0.799 cm in radius. Determination of this value requires the least number of measurements, 
but, as Fig. 3 shows, it is approximately proportional to n* and P,, 


Fig. 1. Deformation — time curves. 
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Fig. 2, Flow curves for milk fat samples: 

black circles — rate of immersion of a sphere 0,799 cm 
in radius; white circles — 0,278 of the rate of immersion 
of a sphere 0.635 cm in radius. 
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It is evident from Figs, 2 and 3 that the mechanical properties of milk fat vary considerably with small 


changes of temperature, The reason is that the state of aggregation of most of the fat changes in this particular 
region. 


For brevity, we shall use the term effective viscosity for the quantity determined by the method described 
above at 12°, This was taken as the standard temperature. 


Observations on a large number of samples of milk fat and butter showed the optimum consistency in 
relation to organoleptic evaluation corresponds to effective viscosities in the range of 2° 19°-3,5° 10° poises, 


Samples with effective viscosity < 2°10° poises usually had "weak," "smearing" consistency, while 
samples with effective viscosity > 3.5°10° poises had excessively hard, "brittle," or “splitting” consistency. 


Characteristics of the process of crystallization of milk fat, Milk fat in the liquid state is a homogeneous 
mixture of fatty acid glycerides, with small amounts of carotenoids, cholesterol, fat-soluble vitamins, and free 
fatty acids. On cooling, the solution becomes supersaturated with respect to individual groups of components; 
first, the highest-melting glycerides, and on further cooling, the glycerides melting at lower temperatures. 


According to Mulder's observations [4], the lower 
the temperature at which the fat crystallizes, the lower 
will its melting point be. The reason is that milk fat 
can give rise to continuous series of mixed crystals of 
variable composition. In crystallization at low temper- 
atures a greater proportion of low-melting glycerides 
enters the solid phase, The total amount of solid phase 
formed in nonisothermal crystallization increases with 
the rate of cooling. During rapid cooling, equilibrium 
does not become established at each given temperature, 
the crystallization proceeds at lower temperatures, and 
a greater proportion of low~melting glycerides enters 
the solid phase. During slow cooling, fractional crystal- 
lization takes place [5], and a larger proportion of the 
low-melting glycerides remains in the liquid phase. 


0 r 10 5 °C The "melting point" of milk fat, i.e., the temper- 
ature at which the highest-melting crystals dissolve in 
Fig. 3. Effect of temperature on the limiting the liquid phase, fluctuates between 28 and 36° accord- 
shearing stress P,,,, plastic viscosity n* , and ing to composition. The “solidifying point," i.e., the 
effective viscosity n at a deformation rate of temperature at which the first crystals form in the 
0.01 cm/second. liquid fat, is in the 15-25° range, The maximum rate 


of formation of crystallization centers is probably found 
at ~6-8°, The maximum rate of crystal growth is found at ~20°, 


If cooling of the fat is interrupted at 20° or somewhat higher, the low rate of formation of the crystallization 
centers in conjunction with the high rate of crystal growth leads to the formation of large grains, crystalline 
aggregates 20-60 » in diameter, Our experiments showed that this may occur in the continuous butter-making 
process. If the chilling in a continuous cooler is interrupted at 20° or higher, the butter acquires a "loose" consis- 
tency, and becomes "floury” or "sandy." 


When the pure fat is rapidly cooled to below 0°, it passes into an amorphous, glassy state, described by 
Ravich and Tsurinov [6] as the y-phase. At temperatures above zero the y -phase is converted relatively rapidly 
into metastable a-modifications, and then into stable g-forms, Unfortunaiely, the polymorphism of milk fat 
has been studied very little, Mulder [4] reports that metastable phases generally cannot be detected if the liquid 
phase is present, The highly interesting question of the possibility of modifying the crystallization process of the 
fat by means of the surface-active components present in it also requires study. 


Formation of butter during the churning of cream. When in the disperse state, the fat has a great tendency 


to undercooling, and therefore cream containing 25-40% of fat is usually cooled to 6-8° and kept at that temper- 
ature for about 18 hours before churning. The crystallization in a fat globule usually begins with orientation of 
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molecules of the highest-melting glycerides near the 
surface, leading to the formation of a birefringent layer, 
7-10: poises detectable by means of the polarization microscope 
4 1 [7]. The theory [8], that the phosphatides, including 
= lecithin, present on the globule surface crystallize first 
is not in harmony with data on the phosphatide content 
of milk, according to which they could form only a mono- 


20}. 
2 molecular layer on the globule surface [7]. Such a 
: | thin film cannot crystallize in the ordinary meaning of 
151 the word, although, of course, the possibility is not 
excluded that it can give rise to surface nuclei on 
which the glycerides crystallize. 
uy The fat globules in chilled cream ready for 
a ; i pee churning consist of solid "shells" with liquid or 
gelatinous contents. During churning the globules collide, 
Fig. 4. Variations of effective viscosity of a butter the "shells" break down, and their contents coalesce 
sample as the result of structural breakdown at 12°: forming lumps of fat. This process can occur at an 
1) untreated butter; 2) butter subjected to mecha- appreciable rate in a homogeneous shear field, in 
nical treatment twice (at 0 and 48 hours). absence of frothing [9, 10], especially at high fat con- 


tents in the cream. The kinetics of this process 
resembles the kinetics of coagulation processes [11, 12]. 


If, as is usually the case in production conditions, extensive cream~ air interfaces are formed during the 
churning, flotation processes begin to play an important part; they accelerate the churning process by facilita- 
ting hydrophobization of the globule surfaces and assisting local increases in their concentration and formation 
of lumps [13]. Aggregation of the fat particles ultimately leads to the formation of macroscopic "grains." The 
mechanical treatment which follows washing of the "grains" leads to the formation of a macrohomogeneous 
"slab" of butter, | 


The microscopic picture of the colloidal structure of butter can be characterized as follows: butter is a gel- 
like disperse system in which liquid fat forms the continuous phase, Droplets of aqueous phase and micro- 
scopic aggregates consisting of fibrous crystals of colloidal dimensions are distributed in this phase. Some of 
these formations retain the form of undestroyed fat globules, Air bubbles may also be present in butter; it is also 
usually permeated by veins of a continuous aqueous phase. 


Freshly made butter has a pastelike consistency. This becomes firmer with time. Two processes should 
be distinguished here: “hardening,” or further crystallization of part of the milk fat, and "setting," or the 
development of a thixotropic coagulation structure from the disperse solid phase present, The structure of milk 
fat in butter is to be classified as a mixed, crystallization coagulation structure [14]. 


The variation of the effective viscosity of a butter sample as the result of mechanical breakdown of its 
structure at a constant temperature of 12° is given in Fig. 4, After the butter had been passed through a grinder, 
the effective viscosity fell sharply (from 2.3°10° to 1,0+10° poises) but.after several hours at rest it rose to 
1.7°108 and then ceased to increase. After 48 hours the structure was again broken down in the grinder, After 
an abrupt decrease, the effective viscosity again rose to 1.7+10° poises, The effective viscosity of a control 
sample, not subjected to mechanical treatment, remained at 2,3°10° throughout, The picture was qualitati- 
vely quite analogous to that seen in a study of calcium stearate oleogels [15], although the observed changes 
were smaller in the case of butter. The irreversible decrease of effective viscosity — relatively small in this 
instance, from 2,3*°10° to 1.7°10° poises ~ was the result of irreversible brittle destruction of the crystallization 
structures, which are evidently rather weakly developed in butter, 


The reversible change of effective viscosity as the result of repeated mechanical treatment, and the 
existence of perfect thixotropy in butter subjected to such treatment, are indicative of a thixotropic structure 
of the coagulational type, Its breakdown is of the nature of plastic flow, and the buildup rate increases with 
increase of temperature, as contact between individual crystalline particles is facilitated by intensification 
of Brownian movement [15]. In the experiments described above the restoration of the coagulational structure 
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required only a few hours (at 12°), while according to Mulder's data [4] the setting process may continue for 
weeks and months at lower temperatures, 


Our experiments showed that butter or milk fat with defects of consistency, such as "brittleness" or "crumb- 
liness," i,e., with a tendency to brittle breakdown, has a structure of a pronounced crystallizational character, 
After mechanical treatment the effective viscosity of such samples usually decreased severalfold, and was 


restored, as the result of thixotropic processes, at a considerably lower level than the effective viscosity of the 
original sample, 


On the other hand, samples of “weak,” “smearing” consistency, with a tendency for the separation of 
liquid fat, i.e., a peculiar form of syneresis, were almost devoid of any signs of a crystallizational structure; 
their effective viscosity remained almost without any decrease after mechanical treatment followed by thixo- 
tropic buildup, although its level was fairly low. 


Butter of optimum consistency should have a structure of a predominantly coagulational type, fairly plastic, 
without brittle properties, A total absence of crystallizational structures, however, is also undesirable. 


Formation of butter by the chilling and mechanical treatment of high-fat cream. Continuous processes of 
butter making, based on chilling and mechanical treatment of high-fat cream containing ~83% fat, differ in 
the conditions in which the structurization processes occur rather than in the nature of the process of aggregation 
of the fat globules. Only the earliest stage of crystallization occurs when the fat is in a disperse state. As soon 
as hardening of the outside layers of the fat globules begins, rapid and almost total destabilization of the cream 
takes place in the continuous flow cooler under vigorous mechanical treatment. During the subsequent crystal- 
lization the continuous fat phase predominates. 
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Fig, 5. Effective viscosity of milk fat cooled to Fig. 6. Effective viscosity of butter made in an 
14-20° in a continuous flow cooler with a mixer industrial continuous flow cooler at different cooling 
at different rates: rates: 1) After keeping at 8° for 24 hours; 2) after 
1) after keeping at 8° for 24 hours; 2) after additional mechanical treatment and thixotropic 
additional mechanical treatment and thixo- setting at 8° for 24 hours. 


tropic setting at 8° for 24 hours. 


Figure 5 shows the results of determinations of the effective viscosity of milk fat passed through a laboratory 
one-cylinder cooler fitted with a mixer, The final temperature of the chilled fat varied in the fairly narrow 
range of 14-20°; the cooling rate, calculated as the decrease of the temperature of the fat in the cooler divided 
by the time the fat was present in it, was varied between 0.05 and 0.45 degrees/second, The determinations 
were carried out on samples which had been kept in a cooler at 8° for 24 hours. The results of measurements 
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of the effective viscosity of the same samples of milk fat the structure of which had been broken down in a grinder 
and restored over a period of 24 hours at 8° are also shown, 


The regression lines in the diagram show that in both cases the effective viscosity increases approximately 
linearly with the rate of cooling. Curve 2, which corresponds to fat subjected to mechanical treatment after 
hardening, shows that the effective viscosity increases with the cooling rate even in a purely coagulational, 
thixotropic structure, This is a consequence of the above-mentioned increase of the total amount of solid phase 
with increase of the cooling rate. The effective viscosity of fat which had not been subjected to additional 
mechanical treatment after cooling increases to a considerably greater extent with the cooling rate. The simul- 
taneous increase of the difference between the effective viscosities of these samples before and after breakdown 
of the structure indicates an increase in the role played by the crystallizational structure, 


The longer the crystallizing fat remains in the cooler, in conditions of vigorous agitation, the less fat 
remains capable of crystallizing and forming crystallizational structures after leaving the cooler. In the limit, 
with infinitely slow cooling and an infinite time in the cooler, crystallizational structures may not be formed 
at all, and the effective viscosity of the product should be equal to the effective viscosity of a fat with a coagu- 
lational structure, In fact, extrapolation of both regression lines to zero rate of cooling (Fig. 5) gives approxi- 
mately equal values for the effective viscosity. 


Similar results were obtained when high-fat cream was cooled in an industrial continuous cooler of the 
All-Union Scientific Research Institute of the Dairy Industry (Fig. 6). This confirms once again that the con- 
sistency characteristics of butter are entirely determined by the crystallization conditions of the milk fat. 


One of the commonest faults in butter made by the continuous process is flakiness. Our experiments 
showed that this fault may occur not only in butter, but also in milk fat subjected to cooling in a continuous 
cooler; its appearance is always associated with the formation of stable crystallizational structures, Flakiness 
occurs when the crystallization process passes only through its earliest stages in the cooler, i.e., when the cream 
or fat is passed through the cooler at a very high rate. In such cases the hardening, i.e., formation of crystalli- 
zational structures is so rapid when the product leaves the cooler that the upper layers do not have time to mix 
with the lower before fluidity is finally lost. 


Methods of regulating the consistency of butter, The processes of butter making cannot be completely 
standardized, as the composition of milk fat varies in fairly wide limits according to the feeding conditions of 
the animals, and therefore according to the season of the year and local conditions, "Winter" fat usually has a 
lower content of unsaturated fatty acid glycerides, and gives a harder, crumbly, brittle butter, "Summer" fat, on 
the other hand, may contain an excess of low-melting unsaturated glycerides, yielding a butter of "weak," 
"smeary” consistency, with a tendency to separation of the liquid phase. The situation is complicated by the 
fact that butter should have exactly the reverse properties - maximum plasticity in winter, and higher strength 
in summer. 


It is clear from the foregoing that undesirable changes in the properties of the fat can be compensated to 
some extent by modification of the technological conditions in butter making, To make "summer” butter 
harder and less prone to separation of the liquid phase, it should be made in such a way that, first, the maximum 
amounts of the low-melting glycerides enter the solid phase, and second, that stable crystallizational structures 
have time to develop. In the production of butter by the churning process, increased hardness can be achieved 
by the following procedures: 1) rapid chilling of the cream and prolonged keeping at the lowest possible temper- 
atures (2-4°); 2) churning and washing, also at the lowest possible temperatures (not above 12°); 3) the minimum 
of mechanical working; 4) immediate transfer of the finished butter to a cooling chamber, 


In the continuous process the same aim can be achieved by cooling of high-fat cream at the highest 
possible rate to the lowest possible temperatures, This should be done in such a way as not to allow crystalli- 
zation to become complete in the cooler, so that the butter hardens after leaving the cooler, This will give 
rise to the most stable crystallizational structures, 


To make "winter" butter more plastic, to lower its hardness and brittleness, it is necessary, first, to ensure 


that as much fat as possible remains in the liquid phase, and second, to prevent the formation of stable crystal- 
lizational structures, 
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In the production of butter by churning, increased plasticity can be obtained by the following sequence 
of operations: 1) rapid chilling of the cream to 6-8° and brief (2-4 hours) exposure at that temperature, to 
allow enough crystal nuclei to form in the fat but at the same time not to allow them to become too large; 
2) increase of temperature to about 19°, and exposure at that temperature until crystallization is completed; 


3) churning at the highest possible temperature (14-16°); 4) cooling of the grains by washing with cold water; 
5) fairly vigorous working. 


In the production of butter by the continuous process, the plasticity may be increased by a decrease of the 
cooling rate of the cream. The cream should be first rapidly chilled to 6-8°, to produce a considerable number 
of crystallization centers, the temperature should then be raised to 16-19°, with continuous stirring until the 
completion of crystallization if possible, and finally, the temperature should be lowered slowly to 10-12° with 
continuing mechanical working. This theoretical program, designed for the maximum utilization of the poten- 
tialities for increasing the plasticity of butter, cannot be put into practice in all continuous installations. Three- 
and four-cylinder coolers obviously have advantages over two- and one-cylinder coolers in this respect. 


Some increase of plasticity can also be obtained by simpler means, For example, it is possible merely 
to decrease the cooling rate, so that the crystallization should be as complete as possible during mechanical 
agitation, By lowering the temperature of the cooling liquid and raising the agitation rate it is possible to make 
the crystallization more rapid, and therefore more complete, during agitation at relatively high temperatures, 


Instead of preventing the formation of crystallizational structures during the cooling process it is possible 
to allow them to develop and then to break them down by vigorous mechanical treatment, Our experiments 
showed that additional mechanical treatment may produce a considerable improvement in the consistency of 
butter with excessive hardness, brittleness, and flakiness. 


There is no doubt that detailed studies of structure formation in milk fat will provide the basis for a 
finalized theory of butter making, founded on the successes of physicochemical mechanics, Without claims 
to completeness, the purpose of the present work was merely to indicate the general direction of further 
research in this field, and the prospects of solving important technological problems. 


SUMMARY 


1. To conform to the consistency requirements of butter, milk fat should form a structure of a mixed 
crystallization— coagulation type, with a predominance of a coagulational structure, 


2, In the production of butter from cream of any fat content, the surface layers of the fat globules 
should crystallize and become brittle as the result of cooling, so that their breakdown by mechanical action 
should lead to the formation of a continuous fat phase. 


In the production of butter by churning, crystallization is completed to a considerable extent during 
preparation of the cream for churning, in absence of a continuous fat phase; aggregation of the fat particles 
is facilitated by flotation processes at the strongly developed cream~ fat interfaces, 


~ In the production of butter by the chilling of high-fat cream incontinuous coolers with vigorous agitation, 
only the earliest stage of crystallization occurs while the fat is in the disperse state; most of the crystals are 
formed in the continuous fat phase. 


3. One of the possible methods for improving the consistency of butter is by regulation of the crystallization 
temperature of the milk fat, The higher the temperature at which crystallization occurs, the less is the total 
amount of solid phase formed, and the higher is the plasticity of the product. 


4, Another method for improving the consistency is by regulation of the mechanical treatment during 
hardening, The more complete the crystallization in conditions of mechanical agitation, the less is the possi- 
bility of formation of brittle and strong crystallizational structures, and the higher is the plasticity of the butter, 
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THE HYDROPHILIC PROPERTIES OF MONTMORILLONITE CLAY 


Ee oi UrsiKow-a 


There have been very few investigations of the hydrophilic properties of bentonites [1]. The hydrophilic 
properties of montmorillonite clays were shown to be considerably influenced by adsorbed cations [2].| However, 
only clays saturated with one given cation were studied. The hydrophilic properties of bentonites with different 
ratios of two or more cations in the exchange complex were not studied, 


In the present investigation the variations in the hydrophilic properties of bentonite at different ratios of 
univalent and bivalent cations were studied. 


The material used was gumbrin from Mtis-Piri, Georgian SSR. The specimens were prepared as follows. 
The clay was covered with ten times its own bulk of distilled water for 24 hours, The suspension was passed 
through a sieve of 4900 mesh/cm*, The liquid was settled for 24 hours and the sediment was treated by repeated 
decantantation with 1 N NaCl solution to a negative reaction for Ca®", NaCl was not washed out of the sodium 
gumbrin suspension, Separate portions of the suspension were covered for 24 hours with equal volumes of mix- 
tures of 1 N solutions of CaCl, and NaCl, or MgCl, and NaCl, Excess electrolytes were removed by dialysis 
through a collodion membrane at 60-80° for 5-7 days. The suspensions were then evaporated and the residues 
were dried at 105°. 


The adsorbed cations in the specimens were determined by the Gedroits method. The results are given in 
the Table. 


Amounts of Adsorbed Ca”* and Mg?" in 


Different Specimens of Na~Gumbrin x10’ 
IO 
Calcium Magnesium 
5 ae a I BS 
Bs | 4 grie i 
8" |Felsg [se | Se 20 l 
ind & wO & wo 3 
4 0] 0 0 0 0 20 40 60 60% Mer” 
2 423 | 11.9 97 8.8 
oe ae an ae Fig. 1. Effect of the degree of replacement of sodium 
SS) 462| 45.8 479 43.6 in sodium gumbrin on the amount of bound water: 
. oe ie a ae 1) by calcium; 2) by magnesium. 
8 872 | 84.7 950 86.3 
9 4030 | 400 1100 | 100 The amount of water bound by the surface of 1 g 


of a gumbrin specimen was taken as the measure of 

its hydrophilic nature. The bound water was found by 
Dumanskii's indicator method [3]. The indicator used was sucrose solution of about 13-15% concentration, In 
the determinations of bound water, two weighed samples of each specimen, previously dried at 110° for 12 hours, 
were covered with sucrose solution and distilled water respectively in weighing bottles, After thorough stirring 
the suspensions were left in the bottles for 15 minutes to reach equilibrium, and the solutions were then filtered 
under pressure with the aid of a special funnel, The results are given in Fig. 1. 
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It is seen in Fig. 1, that when the content of bivalent ions in Na~ gumbrin is 20- ae of the ie capacity 
there is a sharp increase of hydrophilic nature to a maximum, With further increase of Ca™* or Mg2* contents the 
amount of bound water decreases smoothly, up to complete saturation with calcium or magnesium. 


If the hydration of cations is the only factor to influence the hydrophilic properties of clays, a steady 
increase of the amount of bound water would be found with increasing contents of bivalent ions in the exchange 
complex, in the course of substitution of Na ions by Ca or Mg ions in the gumbrin, However, the curves in Fig. 1 
show that this is not the case, There is evidently some other factor, which in its turn depends on the adsorbed 
cations, influencing the hydrophilic properties of the clay. This factor may be the value of the zeta potential. 
The zeta potential was measured by the electrophoretic method [4]. The determinations were carried out on 1% 
suspensions of gumbrin, In more concentrated suspensions the migration rate of the suspensions was lower, prob- 
ably owing to the formation of a spatial structure. 


The composition and conductance of the auxiliary liquid are of great importance in electrophoresis [5]. 
Ultrafiltrate was used as the auxiliary liquid, It is known, however that the conductance of an ultrafiltrate is 
lower than that of the corresponding suspension, and this is undesirable. The ultrafiltrate was therefore obtained 
from a more highly concentrated suspension (6%) by pressure filtration through a dense ashless filter. The first 
turbid drops were rejected, and the clear liquid filtered through the clay layer was collected. The residue from 
the 6% suspension was diluted down to 1% concentration, and the ultrafiltrate was diluted to the same conductance 
as this suspension. 


Some of the samples, with high contents of adsorbed calcium or magnesium, which did not give stable 
suspensions, were studied by the electroosmotic method. It proved possible to use both methods on one of the 
samples, containing 74.6% of magnesium. The values for the zeta potential were similar (8.8 mv by electro- 

phoresis and 8,2 mv by electroosmosis), The values of the 

electrokinetic potential found by the two methods are there- 
c, mv fore comparable, Further evidence for this is the fact that 
30 the experimental data obtained by the electrophoretic and 

electroosmotic methods fit satisfactorily on a common 

curve (Fig. 2). 


20 As in the case of kaolinite clay [6], when the amount 
of adsorbed calcium or magnesium increases, with a cor- 
/ responding decrease of adsorbed sodium, the zeta potential 
10 2 does not decrease steadily but passes through a maximum. 
0 0 Ww 50 a {Me™ The value of the zeta potential remains relatively high all 


along the curve; its minimum value is 8.2 mv. 
Fig. 2, Variation of the zeta potential of 
gumbrin samples with the degree of sub- 
stitution of sodium in sodium gumbrin;: 
by calcium (1) and by magnesium (2); 
@) electrophoresis; 0) electroosmosis, 


When water is bound by gumbrin, as by kaolinite 
clay, differences in the degree of hydration of the adsorbed 
cations have an appreciable influence. Increase of the 
contents of strongly hydrated calcium and magnesium ions 
results in increased hydrophilic properties — all the points on 
the curve lie above those for the pure sodium gumbrin, 


The introduction of relatively small amounts of bivalent cations produces a sharp increase in the amount 
of bound water, Incidentally, it should be noted that Mg increases the hydrophilic nature of bentonite to a greater 
extent than calcium in the region studied. Thehydrophilic maximum corresponds to a lower content of adsorbed 
magnesium, but its absolute value is greater than for calcium. 


The existence ofa hydrophilic maximum is accounted for by the existence of a maximum of the zeta 
potential in this region, as shown by the curves in Figs. 1 and 2. This effect confirms Dumanskii's views [7] on the 
lyophilic properties of disperse systems, The thickness of the hydrate layer on the particles depends on the dif- 
fuseness of the double layer: the more diffuse the double layer, the thicker the hydrate layer will be, and the 
greater the zeta potential of a sample, the higher is its hydrophilic properties. 


Bentonite samples with high contents of bivalent cations, in contrast to similar kaolin samples, do not show 
a hydrophilic increase, The probable reason is the very high value of the zeta potential in the region of the 
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curve under consideration, Therefore there is hardly any hydrophilic increase due to additional introduction of 


more highly hydrated cations into the exchange complex. The zeta potential and hydrophilic curves follow the 
same course throughout, 


It follows from the foregoing that the zeta potential plays an extremely important role in the binding of 
water by bentonite clays. Because of the high values of the zeta potential (8-32 mv), its influence is even more 
prominent than in kaolinite clays, where its value is relatively low (1-6 mv). 


SUMMARY 


1, The effect of the ratio of univalent and bivalent ions in the exchange complex on the hydrophilic pro- 
perties of gumbrin, a Caucasian bentonite, has been studied. 


2. As sodium in the clay is replaced by increasing amounts of bivalent adsorbed cations, the amount of 
bound water does not increase steadily but passes through a maximum. 


3. The hydrophilic curve follows the same course as the curve for electrokinetic potential throughout. 


4, The value of the electrokinetic potential is an important factor in the binding of water by bentonite 
particles, 


The author offers her deep gratitude to A. V. Dumanskii for general guidance and for valuable advice in 
discussion of the work, 
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THE EFFECT OF PLASTICIZER ADDITIONS ON THE MECHANICAL 
PROPERTIES OF VINYL CHLORIDE —- VINYLIDENE CHLORIDE COPOLYMER 


AND OF POLYVINYL CHLORIDE 


Re to Fel’ dimanm, Aw kK. Mironovda and $2 1 So Koillov 


In the preceding communications [1, 2] it was shown, in the case of plasticized polyvinyl chloride, that 
the conventional (nominal) tensile strength and modulus of a mixture in the high-elastic state can be represented, 
in the first approximation, by an equation of the type 


Zp ALN, (1) 


where X,, is the nominal strength or nominal nonequilibrium modulus of the mixture, determined from the 
extension curves; X; is the nominal strength or modulus of the components of the mixture, their molar fractions 
being N; (2Nj = 1). 


The explanation offered [1] for the similarity of the variations of nominal strength and modulus of mixtures 
with the molar fractions of the components was that these quantities are associated with the characteristic relax- 
ation times of the systems. For calculations of the values of Xj we assumed that the systems conform to the prin- 
ciple according to which each component in a homogeneous mixture is present in the same state of aggregation 

as the mixture itself [3], irrespective of whether this state 
can be realized in practice for each of them separately 
under the same conditions [1]. 


The validity of Equation (1) was verified for binary 
(polymer ~— plasticizer) [1] and ternary (polymer~— plasticizer 
I — plasticizer II) [2] systems. Calculations showed that 
the nominal tensile strengths of polyvinyl chloride and 
plasticizers present in the high-elastic state in a mixture 
are individual characteristics, independent of the presence 
of other components, To confirm these findings, it was 
desired to study specimens based on other polymers, 


The materials chosen for the investigation were the 
plasticized polymers: Soviden, and polyvinyl chloride — 
Igelit K, Soviden was made by the copolymerization of 
090 WN, vinyl chloride and vinylidene chloride in 77 ; 23 ratio. 


oa The following systems were studied: Soviden-—dibutyl 
phthalate, Soviden— tricresyl phosphate, Soviden- chlori- 
Fig. 1. Composition— mechanical properties nated diphenyl, Igelit K—tricresyl phosphate, and Igelit 
diagram for the systems Soviden~ chlorinated K-dibutyl phthalate. The plasticization of Soviden in 
diphenyl. various proportions was carried out on steam-heated rolls 


at 95-100° followed by pressing. Films of plasticized 
Igelit K were made by rolling at 160°, 2% of calcium stearate on the weight of the polymer was used for stabi- 


lization. 
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Fig. 2. Composition mechanical properties diagram for the 
system polyvinyl chloride (Igelit K) — m,p-tricresyl phosphate. 


TABLE.1 


Nominal Tensile Strengths and Nominal Moduli of Certain Polymers and Plasticizers (in the 
high-elastic state) 
Extension Rate 2 mm/min. 


' Nominal tensile Nominal modulus, 
Polymer Plasticizer i Q | strength, kg/mm? kg/mm? 
E © poly- | plasticizer |Poly- | plasticizer 
te © | mer mer | 
: = 
Copolymer m,p-tricresyl phosphate 20,0 | 2.95 | 3.39-10-® | 6.60 | 2.58-10-& 
(Soviden) Dibuty] phthalate 20. Ons 204) “2642 <80s8 1) Ov OR eas One 
Chlorinated diphenyl | 20.0 | 2.29] 1.05-10-? | — _ 
Polyvinyl chloride |mp-+tricresyl phosphate] 20.0 | 5.39 | 6.00-40-$ | 3.71 | 2.95-10-6 
(Igelit K) Dibuty] phthalate 20.0:} 5.30 | 41.50-10-* | 3,764. 4,96-10- 
Polvrtays chloride, M. tricresy] phosphat 15.5 | 5,82 | 3.68-10-* |10.82 | 41.37.1076 
emulsion poly- |Dibutyl phthalate 5.5 | 5.02 | 3.16-10-° | 715 | 1.06-10-° 
merization Chiodnsted diphenyl | 15.5 | 5.75 | 3,24-410-? _- — 


For determination of the load—extension curves, the specimens were tested at 20° on a dynamometer of the 
Polanyi type at a constant extension rate of 2 mm/min, The nominal tensile strength o in kg/ mm’, relative 
extension at break € in %, the specific work of extension to break, the so-called "energy of elasticity" A in 


kg ‘cm/cc, and the nominal nonequilibrium modulus E in kg/mm? were determined for mixtures of various 
compositions, 


The composition — mechanical properties diagrams for all the systems were of the same form as those 
obtained earlier for plasticized polyvinyl chloride [4]. In illustration, Figs. 1 and 2 show the variations of 
mechanical properties with composition for the systems Soviden~ chlorinated diphenyl, and Igelit K—tricresyl 
phosphate. The compositions are given in molar fractions of the polymer (Ny) and plasticizer (N.). The molar 
fractions are calculated from the average molecular weights of the monomer units in the polymers, The vertical 
lines on the curves correspond to the amounts of plasticizer (Ng) which ensure high-elastic properties in the 
materials under the test conditions, It was found that more of the plasticizer (N,) must be added to polyvinyl 
chloride than to the copolymer in order to obtain a product in the high-elastic state. This was to be expected, 
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TABLE 2 


Values of Nominal Tensile Strength and Nominal Modulus for Plasticized Polymers, 
Found Experimentally and Calculated by Means of Equation (2) 
Extension rate 2 mm/min.; temperature 20° 


wa ; : 
eae Nominal tensile Nominal ; 
ee Oo : strength, kg/mm? modulus, kg/mm 
Polymer Plasticizer geao. experi- Cin experi~ Em by 
ao Be by Equa- i 
& o &42] mental lon ta) mental Pea 7) 
Polyvinyl m,p~tricresyl 4.85 Date 200d (1.20) 1.83 
chloride (Igelit phosphate 6.37 2.30 2.26 | (0.98) | 4,47 
10.62 Ae 1.26 0.86 0.84 
13.25 0,86 0.88 0.43 0,57 
15.72 0.62 0.64 0.38 0.414 
18.10 0,49 0.45 0,28 OR29 
Dibutyl phthalate] 3,24 3.35 3,26 —= — 
6.33 ATS 2.00 1.60 1.85: 
10.99 1.25 1.05 0,95 1.10 
16.85 0.40 0,41 0,74 0.51 
19.82 0.26 0.26 0,42 0.44 
22.60 0.18 0.18 0.51 0.29 
Copolymer m,p-tricresyl 0.38 2.92 2.80 — — 
(Soviden) phosphate 1.20 2.60 ea) — ae 
2,40 2.05 2.138 — = 
3.49 1.86 1.83 4.10 3.98 
ae ae 4.57 3.40 3,33: 
q ‘ 32 1.00 2.00 2.00 
Dibutyl phthalate] 0.63 04 2.40 7,85 7.80 
1,57 1.86 1.86 — — 
2.18 Ue Ee 4,05 4,36 
3.05 1.39 1.48 4,13 3.98 
4,57 (0.76) 1.20 3.418 3.20! 
Drow (0.59) 0.96 2.79 2.10: 
Chlorinated di- 2.69 AF 1,98 — — 
phenyl 5.45 1.79 1.73 = _ 
8,77 12 1.43 _~ — 


as Soviden is a polymer with so-called internal plasticization, requiring less added plasticizer (external plastici- 
zation) for high elasticity, It is interesting to note that films based on Soviet polyvinyl chloride and Igelit K have 
almost the same tensile strengths, but their relative extensions at break and moduli differ, Plasticized Igelit K 
has higher relative extension at break and lower modulus than plasticized Soviet polyvinyl chloride. 


In the high elasticity range, variations of the logarithm of the nominal tensile strength and of the logarithm 
of the modulus with the composition are linear. Therefore, in the first approximation, expressions of type (1), 


: 


1.€., 


is ae N 
a = ej'ec, anc, = By) Es. (2) 


are applicable in this range; here Oyj, %4, Og, Ey), Ey and Ey are the nominal tensile strengths of moduli of the 
mixture and components respectively, and Ny and Ng are the molar fractions. The nominal tensile strength and 
moduli, calculated as the limiting values in accordance with Equations (2) for the plasticizers and polymers, are 
given in Table 1. Previously published data [1] are included for comparison. 


Table 2 gives the values of the nominal tensile strength and modulus for plasticized polymers, calculated 
by means of Equations (2) and determined experimentally. 


The data in Table 2 indicate that the Equations (2) are valid for the representation of the mechanical 
characteristics (o, E) of the systems studied, in the high-elastic state. Comparisons of the nominal tensile 
strengths and moduli of polymers and plasticizers, based on data for different systems, show that their values are 
independent of the presence of other components, and confirm that these values can be calculated on the 
assumption of the additivity of their logarithms [1]. 


101 


SUMMARY 


1. The additivity of the logarithms of the nominal tensile strengths and moduli has been confirmed for 
plasticized vinyl chloride — vinylidene chloride copolymer (77 : 23) in the high-elastic state; the results are 
compared with the corresponding data for polyvinyl chloride. 


2. It is shown that the tensile strength and modulus of a mixture depend on the corresponding character- 


istics of the individual components, and that, for the high-elastic Bd they can be calculated, in the first 


approximation, from the equations 0,, = oN . oN and E,, = pM - Ep’. 


3. It is shown that the numerical values of these characteristics for the components are determined by the 
test conditions and are independent of the presence of other components in a mixture. 


The Moscow Technological Institute Received January 7, 1957 
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THE EFFECT OF THE ACETYL GROUP CONTENT OF ACETYLCELLULOSE 
ON THE PROPERTIES OF ITS':SOLUTIONS 


V. P. Kharitonova and A. B. Pakshver 


When acetylcellulose is dissolved, the solvent molecules solvate its active groups. Ellis and Bath, and also 
Clemant [1], who studied the infrared absorption spectra of acetylcellulose and determined the amounts of free 
solvent by the "method of residues," showed that various solvents interact with the ester of hydroxyl groups of 
acetylcellulose. 


The formation of molecular compounds between acetylcellulose and solvent should alter the configuration 
and therefore the flexibility of the macromolecules in solution, Because of the different configurations of the 
macromolecules, solutions of acetylcellulose of the same degree of esterification and the same molecular weight 
have different viscosities in different solvents [2, 4]. In the opinion of Meerson and Lipatov [4], high solution 
viscosity is a sign of good solvent power, as a higher degree of solvation favors a more extended configuration of 
the macromolecules, In the opinion of Tager and Verhskain [3], high viscosity is a sign of poor solvent power. 


The heat of solution of acetylcellulose should be different in different solvents, because the degree of 
solvation and the value of E,,, which represents the bond energy between the macromolecules are different. 
Regularity of the structure of the macromolecule, i.e., alternation of acetyl and hydroxyl groups along the macro- 
molecular chain, is probably an important factor [5]. 


Aggregates of various sizes, depending on the acetyl content of the acetylcellulose and the nature of the 
solvent, may be present in solutions; these influence solution turbidity [6]. 


The effects of the combined acetic acid content in acetylcellulose on the following properties of its solu- 
tions were studied in the present investigation. 


1. Specific (ny sp) and intrinsic viscosity [y ], calculated by the usual methods, 


2. The degree of asymmetry (b/a) which gives an approximate indication of the form of the macro- 
molecules in solution. The values of b/a were calculated by means of Kuhn's equation [7] 


n 1 /b\2 ; 
ah = 25+ a5 (3) - (1) 


3. The root mean square distance (y hr }retween the chain ends, calculated by the Flory equation [8] 


Vie = 7.82 x ([n] M, )*A. (2) 


4, The coefficient k' which reflects the character of polymer~solvent interaction, by the Huggins equation 


[9] 


Ns , 
P= |y1 +4'|4 Pe. (3) 


Cc 
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5. The value of cjj, the polymer concentration up to which the specific viscosity is a linear function 
of the concentration. 


6, The integral heat of solution. 


7. Solution turbidity, characterized by 1/n, where n is the width of the slit. 


TeAC BCE it: 
Effect of CHgCOOH Content on the Solution Properties of 
Acetylcellulose 
5 P/ c at c=->0 at 
9 3 4 3 
a, ‘a B per weight 
A = ~ 10° 2° 30° 
yn OS) 1S)) 
1 60.44 |0.230} — =— 400 000 
2 59.45 |0,230/0.236} 0.240 98 600 
3 58.42 |0,230}0.232} 0.242 100 500 
4 56.64 |0.230/0.232}) 0,242 98 500 
5 5264.1 0,.255'|-07260:1 (0.265 98 300 
6 50.385 |0,220| — = 405 000 


Acetylcelluloses with different combined acetic acid contents were obtained by saponification of the same 
batch of acetylcellulose for different times. The samples used for viscosimetric and thermochemical determina- 
tions were divided into 3 fractions by fractional precipitation of solutions in acetic acid. The first fractions were 
used for the determinations, The molecular weights of the fractions were determined by the osmotic method. 
The molecular weights of the acetylcelluloses with different acetyl contents were practically equal (Table 1); the 
discrepancies were within the limits of experimental error, +6.5%, 


as 
520 540 580 580 % acetyl 


Fig. 2. Variation of b/a for acetylcellulose 


520 540 560 580 600% acetyl solutions with combined CH3sCOOH content: 
1) in formic acid; 2) in pyridine; 3) in 
Fig. 1. Variation of specific viscosity of 0.5% acetone, 
acetylcellulose solutions with combined 
CH3COOH content: Therefore all the solution properties depended only 
1) in formic acid; 2) in pyridine; 3) in acetone. on the acetyl group content of the acetylcellulose. 


For the turbidity determinations, technical acetyl- 
cellulose of 55% acetyl value, and acetylcelluloses 
containing 53,05, 55.60, and 58.74% were taken, The solvents used were: acetone dried over calcined CaCl, 
freshly distilled pyridine (chemically pure grade), and 97-98% formic acid solution (chemically pure), In the 


turbidity determinations, the following were also used: dioxane (chemically pure), glacial acetic acid, and 
nitromethane (chemically pure), 


The viscosities of solutions containing 0.05; 0.1; 0.3; 0.4 and 0.5% of acetylcellulose were determined with 
the aid of ordinary Ostwald capillary viscosimeters at 30° +0,005° in a thermostat. The relative error of the 
determinations did not exceed 40.9%, The experimental results are given in Table 2 and Figs. 1 and 2. 
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Fig. 3, Variation of integral heat of solution with combined 
CH3COOH content for acetylcellulose solutions in: 
1) formic acid; 2) pyridine; 3) acetone. 


TABLE 2 


Properties of Acetylcellulose Solutions 


2 
e = 
Bae Solvent Sah Va 
Ba. OR 9 ae ebites id “lim 
o 3 = 9 at in A 
<8 a 
60.44 | Formic acid 1.20 59.0 | 385.7 2.31 | 0.330 
59.45 | Formic acid 17 58.8 382.5 2.32 0.330 
Pyridine 1.44 48.0 379.2 1,67 0.360 
Acetone 0.65 37.5 314.4 8.14 0,320 
58.42 | Formic acid 1.10 57.8 374.7 2.35 0.330 
Pyridine EOE Mie PASEO. 371.3 WAZA 0.360 
Acetone 0.48 32.0 284.2 14.0 0.320 
56.64 Formic acid 1.09 06,9 373.6 2,42 0,330 
Pyridine 1.08 47.5 372.4 1.68 0.360 
Acetone 0.45 31.8 278.4 15.52 0.320 
52.61 | Formic acid 462 66.0 426.3 1.02 0.330 
Pyridine 1,58 54.0 422.8 0.80 0.360 
50,35 | Formic acid 1.95 1132 453,5 0.78 0.330 
TABLE 3 
Effect of Final Concentration of Acetylcellulose in Solution on the Integral Heat of 
Solution 
gu Heats of solution in cal./g 
ey aia . in formic acid in pyridine* in acetone 
ES /EQe 
as a oc g 0.1% 0.3 % 0.5% 0.4 0.3% | 0.5% | 0.4% 103% | 0.5 % 
6 I ED 8 EPS TS Sk SN EERE ee DEP ee PELs eed een ees eee eee eee Onde) 
1 60.44 14,20 16.92 20,67 7.50 | 10,09 | 13.75 
2 59.45 Aa ie 14,27 18.13 7,70|10.10/}14,09 | 6.50 | 8.77 | 14,72 
3 58.42 9.34 12.50 15.77 So nOO a Lose OOM OeTOs tomas 
4 56.64 10,49 12.50 16.50 |10,00|}412.60)17.72 | 8.00 |10.61 | 16.70 
i) 32.64 11,57 13,68 17.23 |411.31/44,57)| 18.41 
6 50,35 12.46 14.60 A SIZ 


* Data for 0.1% solutions in pyridine and acetone were obtained by extrapolation. 
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The heat effects were measured by means of an improved [10] microcalorimeter of the Schottky type [11] 
with an isothermal jacket, The action of this microcalorimeter is based on the principle of the thermal expansion 
of liquids, and small heat effects can be measured with low relative error. In the conditions of our experiments 
the error was +2.7%, The experimental results are given in Tables 3 and 4 and Fig. 3. 


TABLE 4 


Heats of Dilution of Acetylcellulose Solutions 


F AO in formic AQ in AQ in 
Sample an Pe acid pyridine acetone 
3 9 
No. in Jo in a1 Of ® + oO; & oy * 
-cal./g se: cal./¢ one cal./g He 
4 60.44 6.47 31.3 6.25 MS — = 
Z 59.45 6.41 DOL 6,39 ATES) One 09,8 
ro) 08.42 6.43 40.8 6.94 45.7 8.91 56.0 
4 56.61 6.04 39.0 Chetty 43.6 8.70 Jeet 
5 52.61 5.66 32.9 (ENG, 38.6 = = 
6 DOgBD 50,26 29 — — = = 
AQ 
* = yy 
AQ% a 406 
TABLE 5 
Effect of Solvent on the Turbidity of Solutions of Technical Acetylcellulose 
ek: Turbidity after 
Nephelo- addition of 10% of 
Solvent meter i yee... ee, 
reading, n { — 
n ‘ a 
Acetone 1.00 4.000 1.76 0.568 4a. 2 
Dioxane 4,30 0.230 1.70 | <O085 63.1 
Pyridine 25.80 0.039 11.60 0.086 | —54.7** 
Acetic acid 3,07 0.325 11320 0.088 73.0 
Formic acid 1.48 0.676 9.05 0.110 83.7 
Nitromethane 0.27 eave 2 40 0.476 oi 


* A is the decrease of turbidity on addition of water, 
** Turbidity increased. 


TABLE 6 


Effect of Additions on the Turbidity of Solutions of Technical Acetylcellulose in Acetone. 
Initial Turbidity 1/n =1 


ee s 
Reagent added 1/n after addition of reagent, % &*, it % 
5 | 10 15 | 25 with with 
10% 25% 
Formic acid 0.78 0,58 0.44 0.40 42.0 60.0 
Pyridine 0,90 0,78 0.68 0,64 22.0 36.0 
Acetic acid 0.81 0.63 0.53 0.45 37.0 99.0 
Dichloroethane 0.93 0.86 0.78 0.68 14.0 32,0) 
Water 0,67 0.56 0.60 0.70 44.0 30.0 
Ethyl alcohol 0.84 0,74 0.74 0.78 26.0 225) 


* 7 is the decrease of turbidity in % after addition, 
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Effect of Combined Acetic Acid Content on the Turbidity of Solutions of Acetyl- 
cellulose in Acetone 


Reagent wddea Recep Molecu- 1/n after addition of reagent, % 
. Gai lar wt. SEE nee 
ail 0 | 1 | 5 | 10 | 15 | 20 
Water 53.05 76000 OOM dec O ORG On Om) Onto Oe ta 


99.60 78500 


.00 | 0.98 | 0.70 | 0.62 | 0.74 | 0,86 
58.74 73400 


SON Odes bea (Oleg Artal I O)S7KO) || MCODRIrESIE | CORES 


Formic acid 93.05 76000 OW he detiee — 0.53 — | 0.35 
90.60 78500 0.94 | 0.68 | 0.58 — | 0.52 
08,74 73400 .90 | 0,88 | 0.74 | 0,64 — | 0.56 


Dichloroethane 53.05 76000 


90,60 78500 
58.74 73400 


—=—_ OF K- OF 
=) 
SZ} 


‘00 | 0.98 | 0.94 | 0.88 | 0.82 | 0.78 
0.88 | 0/82 | 0/741 0.68 | 0.64 


Je) 
o 


A Kleinmann nephelometer was used for determinations of the turbidity of 1% acetylcellulose solutions. 
The degree of turbidity was measured by the width of the opened slit i, and was expressed in terms of 1/n, 
which increases with turbidity. The experimental results are given in Tables 5, 6, and 7. 


DISCUSSION OF RESULTS 


These experimental results show that the properties of acetylcellulose solutions depend on the combined 
acetic acid content, 


As reported earlier [2], acetylcellulose has rigid chains owing to strong interaction between the polar 
groups. When the polar groups become solvated, the interaction weakens and the molecules can become coiled. 
The hydrodynamic resistance to flow then diminishes and the viscosity decreases, It is found that the degree of 
asymmetry (b/a) and the root mean square distance between the chain ends (h*), which give an approximate 
indication of the shape of the macromolecules, vary with variations of the acetyl group content of the acetyl- 
cellulose, The specific and intrinsic viscosities of acetylcellulose solutions in formic acid and pyridine, plotted 
against the acetyl content, pass through minima. With increasing combined acetic acid content, the viscosities 
in all solvents again increase owing to increasing regularity of the acetylcellulose structure, It must be re- 
membered that in acetylcellulose solutions intramolecular forces, i.e., mutual attraction and repulsion of 
groups within the molecule, play an important part, in addition to intermolecular forces, Increase of the number 
of like groups in the molecule results in mutual repulsion between them, and the molecules become more 
elongated. With an irregular distribution of unlike groups, mutual attraction occurs between them, leading 
to coiling of the molecular chains, In such cases the degree of asymmetry and the root mean square distance 
between the chain ends have their lowest values, This is found for acetylcellulose containing from 56,5 to 58.5% 
combined acetic acid. The solution viscosity is higher in formic acid than in pyridine, and much higher than 
in acetone. This is accounted for by the stronger interaction between the polar groups of acetylcellulose and 
formic acid, as the latter solvates both acetyl and hydroxyl groups in acetylceliulose, Pyridine probably solvates 
only the hydroxyl groups in acetylcellulose, and the degree of solvation is lower in this solvent, Acetone 
solvates only the acetyl groups of acetylcellulose, by virtue of its ketone grouping. Accordingly, the degree 
of asymmetry and the root mean square distance between the ends of the macromolecular chains of acetyl- 
cellulose are higher in formic acid than in pyridine, and much higher than in acetone. 


The heats of solution also show that the interaction of acetylcellulose with differentsolvents depends on the 
nature of the solvent. Thus, the heat of solution in acetone is less than in pyridine, and much less than in formic 
acid, 


It should be pointed out that while molecular aggregates are present in dilute solutions, they are probably 
absent at infinite dilution, the solute being monomolecular, For example, osmometric determinations showed 
that the values of P/c atc —> 0 are approximately the same for acetylcelluloses with different combined acetic 
acid contents at various temperatures; the discrepancies are due to experimental error. Comparison of values 
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of [n ] and k' reveals an inverse relationship between them, i.e., the values of [n ] decrease while k" increases 
with worsening of the solvent; this means that in worse solvents the molecules are more coiled, and the possibi- 
lity of association increases, The value of cjj,), the limiting concentration up to which the specific viscosity 
is a linear function of the concentration, is highest in the best solvent. 


Different solvents solvate different groups in acetylcellulose, giving rise to solutions with different degrees 
of macromolecular association, and therefore of different turbidity, Solvents which solvate the hydroxy] groups, 
or hydroxyl and acetyl groups of acetylcellulose simultaneously (pyridine, dioxane, formic and acetic acids) yield 
solutions of a lower degree of association, and therefore of lower turbidity, than solvents which solvate the acetyl 
groups only, such as acetone and nitromethane. 


The turbidity of the solutions decreases on addition of small amounts of water, as the latter has an additional 
solvating effect on the hydroxyl groups in acetylcellulose, However, water exerts its disaggregating effect only 
up to a certain limit, beyond which the turbidity begins to increase owing to desolvation and aggregation of the 
macromolecules. We see that addition of 10% of water to solutions of acetylcellulose in pyridine produces a 
strong increase of turbidity, The turbidity of acetone solutions decreases with increasing acetyl group content in 
the acetylcellulose, since acetone solvates the acetyl groups, and the degree of macromolecular association 
diminishes with increasing acetyl group content, Thus a 2.55% increase of the combined CHyCOOH in acetyl- 
cellulose decreases the turbidity by 23.1%, while at 5.69% increase of the CH;COOH content decreases the tur- 
bidity by 30.8%. 


Therrnochemical determinations sho wed that, with increasing dilution of the solutions from 0,5 to 0.1%, Q 
decreases by about 30% in formic acid, by about 42% in pyridine, and by about 50% in acetone, i.e,, additional 
disaggregation takes place and the energy of bond rupture in the aggregates increases, The greatest disaggrega- 
tion occurs in acetone, and the least in formic acid, The maximum energy of bond rupture and disaggregation 
on dilution in all solvents corresponds to 56,5-58.5% combined acetic acid. In acetone and pyridine the heat 
effect diminishes with increasing combined acetic acid in the acetylcellulose, as with an increase of the number 
of CH3CO groups the number of contacts between them increases, and more energy is required to break the bonds, 
Moreover, because of the decrease in the number of hydroxyl groups, the value of Q in pyridine is less. The heat 
effect is greatest in formic acid as solvent, and is independent ofthe acetyl group content, as all the polar groups 
in acetylcellulose are apparently solvated equally and the heat of solvation is considerably greater than the energy 
of rupture of the intermolecular bonds, 


SUMMARY 


1. The viscosity of acetylcellulose solutions depends on the combined acetic acid content of the acetyl- 
cellulose. 


2. The minimum viscosity corresponds to the greatest degree of coiling of the macromolecules, which is 
found with the least regular distribution of polar OH and CH3CO groups along the chains. For secondary acetyl- 
cellulose, the least regular distribution of the polar groups corresponds to 56,5-58,5% combined acetic acid. 


3. The heat of solution of acetylcellulose depends on the ratio of acetyl to hydroxyl groups and the nature 
of the solvent. The greatest heat effect is found in formic acid, and the least in acetone. 


4, The turbidity of acetylcellulose solutions depends on the degree of solvation of the polar groups by the 
solvent molecules, The turbidity of solutions of the same concentration in different solvents may vary by a 
factor of 100. 


5. Small amounts of substances which cause additional solvation of the polar groups of acetylcellulose 
decrease the turbidity of acetone solutions of technical acetylcellulose by 40-60%, 


6. The turbidity of technical acetylcellulose solutions increases, and the quality of spinning dopes probably 
decreases, with increasing content of fractions of low acetyl group content, 


The Ivanovo Institute of Chemical Technology Received September 1, 1956 
The All-Union Correspondence Institute of 
the Light and Textile Industries 
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BRIEF COMMUNICATIONS 


SWELLING OF SILICATE MELTS AND BLISTERING OF 


ENAMEL COATINGS ON STEEL 


me Ps A Zero 


Determination of the conditions which favor or hinder the formation of blister structures is of importance 
for many silicate industries, and in particular in relation to blistering of boronless ground coatings. The sources 
of the gases causing blistering are constant and abundant, and cannot be eliminated in the usual enameling 
practice, However, practical experience shows that boronless ground coatings are damaged considerably more 
than coatings with boron by the liberated gases, 


Comparison of the available data on the properties of borate and boronless ground coat enamels reveals 
considerable differences between them, Thus, the surface tension of the former (210-240 dynes/cm) is lower than 
that of the latter (250-280 dynes/cm) [1]. Iron oxide is wetted much better by borate than by boronless enamels 
{1-3]. The solubility of iron oxide in the latter is ~10% , while in the former it is 23%. The nature of the viscosity 
variation in the softening range on addition of iron oxide is especially important. Experiments carried out in con- 
nection with the present investigation showed that the viscosity of boronless ground enamels increases sharply, and 
that of borate enamels decreases with increasing iron oxide contents. * 


For elucidation of the causes of blistering and of the role played by scale, comparative experiments** were 
carried out on artificial blistering in typical borate (b) enamels Nos. 18, 124, 1 and 2; boron-free (b/f) enamels 
Nos. 35, 27, and 16; and titanium (Ti) enamels Nos. 121 and 445, all for ground coats, Tablets pressed from mix- 
tures of the enamel frits with various additives were heated in the furnace of the apparatus for determination of 
contact angle. The shadows of the swelling specimens were projected onto paper, and outlined in pencil for sub- 
sequent planimetric measurement of the shadow area. 


The experiments showed that none of the enamels tested swelled on heating, either in absence of additives, 
or with additions of 15% of iron oxide or 10.5% of metallic iron powder. Additions of 2% of graphite as gas 
former caused some swelling, which was greater in the boronless enamels. Additions of 15% of iron oxide with 
2% of graphite (Fig. 1), or of 10.5% of previously carburized iron powder (Fig. 2) produced very vigorous swelling 
of the boronless and titanium enamels, and much less in the borate enamels. The strong swelling of boronless 
enamels is probably the result of the sharp increase of viscosity produced by dissolution of the iron oxide, 


Comparison of the data obtained on the swelling of ground-coat enamels with the technological character- 
istics of the corresponding ground coats on steel showed that a high degree of swelling in an enamel corresponds 
to a low quality of the ground coat: boronless coatings show more blisters and faults than borate coatings. 


The existence of a connection between the dissolution of iron oxide, the swelling of enamels, and the 
tendency of coatings to form blisters is also confirmed by the following experiment. A tube of heat-resisting 
steel was filled with a gas-forming mixture of iron oxide and graphite, and its ends were then flattened and 
welded. The outside of the tube was divided into four regions, coated respectively with boron-free enamel b/f 
35 and borate enamel b 18, and also the same enamels which had previously been melted with 15 or 30% of iron 
oxide. An electric current was passed through the tube walls to fire the coatings. The liberated gas passed 
through the tube walls into the zone of contact between the enamel and the steel; blistering was found only in 
the boron-free coating containing iron oxide. The boron-free coating without iron oxide did not blister, as the 
heat-resisting steel remained practically free from oxidation. 


~* The surface tension and viscosity determinations were carried out with the assistance of S, B. Grechanova, and 
the iron oxide solubility determinations, with the assistance of V. V. Balandina. 
** With the assistance of G. V. Berdova. 
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Fig. 1. Swelling of borate, boron-free, and titanium ground enamels with additions of 
a mixture of 15% iron oxide and 2% graphite (temperature 750°), 


Area of shadow in cm? 


RENT Ey 1 ae) a oe eer ee mes 
Heating time, min. 


Fig. 2, Swelling of'enamels with additions of 10.5% 
metallic iron powder: 

a) Ground No, 35 b/f with carburized iron; b) ground 
No, 35 b/f with noncarburized iron; c) ground No, 

18 b with carburized iron; d) ground No. 18 b with 
noncarburized iron. 
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Fig. 3. Swelling of window glass at 800°: 

a) without additions; b) with 2% graphite; 

c) with 15% iron oxide; d) with 15% iron oxide 
and 2% graphite; e) with 2% marble (from 
Kitaigorodskii's data [4]). 


The results were applied to experiments on the swelling of foam glass, It was to be expected from the 
previous results that additions of iron oxide in presence of a gas former should favor the swelling of ordinary boron- 
free glasses, Figure 3 shows that a mixture of iron oxide and graphite produces the most stable swelling and gives 


a higher final degree of swelling. 


The dimensions and mobility of the gas bubbles depend on the properties of the ground coat melt, It is 
known [5] that the force of adhesion of a gas bubble to a surface depends on the diameter of the circle along 
which the bubble is attached to the solid surface, on the surface tension at the melt~ gas interface, and on the 
contact angle, The high surface tension of boron-free melts, and their lower wetting action on iron oxides (oxi- 
dized steel), favor the formation of larger gas bubbles in the ground coats, less easily detached than the bubbles 
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in borate enamels. Incidentally we may note that additional experiments showed that small additions of surface- 
active substances (FeS) to the mixtures reduce swelling. The resistance of a liquid to the motion of a gas bubble 
increases with increasing viscosity of the liquid and bubble size. Therefore the sharp increase in the viscosity of 
boron-free ground coat melts produced _ by the dissolution of scale in the region of contact with oxidized stee] 


leads to the formation of large bubbles which emerge with difficulty, and this in its turn favors blistering and 
faults. 


We must point out that titanium borate enamels have much in common with boron-free ground coat 
enamels, They are also characterized by vigorous swelling on addition of mixtures of iron oxide and graphite, 


a sharp increase of viscosity on addition of iron oxide, and the formation of numerous large blisters on the coat- 
ings, 


The S, Ordzhonikidze Polytechnic Institute Received March 17, 1957 
Novocherkassk 
Enamels Laboratory ® 
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AN APPARATUS FOR DETERMINING THE DISPERSITY OF EMULSIONS 


B. M. Babanov and V. V. Kafarov 


In the processing of heterogeneous systems such as emulsions it is often necessary to determine their dis- 
persity. In this paper an apparatus is described for direct determinations of particle size in emulsions in the 
course of agitation, extraction, etc, The advantage of our apparatus is that aggregation of the emulsion droplets 
is eliminated. This is because a small amount of the sample is uniformly distributed in a relatively large 
volume of liquid in the apparatus. The apparatus is suitable for investigation of emulsions in which the density 
of the disperse phase is less than that of the dispersion medium. 


Deflection of 
pointer in scale divisions 


Liquid level 


Fig, 2 


The design and principle of the apparatus are as 
follows. To a glass container 1 (Fig. 1), fitted with a 
ground glass stopper 2, is welded a tube 3, with a stopper 
4 carrying a pointer 5 welded to it, at the other end. The 
Fig, 1, Diagram of the apparatus, other end of the pointer is bent in the form of a hook 

from which is suspended a cap 6. The glass cap is in the 

form of a hemisphere 28-30 mm in diameter, with walls 
0.2-0.3 mm thick, and weighs 0.5-0.7 g. To the top of the cap there is welded a glass loop, which is used for sus- 
pending the cap from the pointer 5 by means of a platinum wire 0.1-0.2 mm in diameter, A tube 7, with a valve 
8 atits lower end, is welded to the bottom of the container 1. The valve 8 closes the orifice in the lower end of 
the tube 7 with the aid of the coupling rods 9 and spring 10, The coupling rods 9 are welded to the ring 11 which 
can move freely along the tube 7, The tube 7 also carries two directing collars:12 and 13, with holes through which 
pass the coupling rods 9, The upper part of the container has a side tube 14 for evacuationof the apparatus. The 
whole apparatus is clamped on a stand, which also carries a microscope eyepiece with an inserted measuring scale, 
or a special measuring microscope of the MPB-2 type, used for measurements of the pointer deflections, The tube 
7 must first be lowered into the emulsion to be studied, and filled with the liquid used as the dispersion medium 
in the emulsion. The tube 7 can be filled with the liquid through the opening in its lower end with the aid of 
a vacuum, or, if the tube 7 has already been put into the emulsion, it can be filled through the opening closed by 
the stopper 2. A vacuum equivalent to h (3-5 cm HO) (Fig. 1) must be created in the apparatus, To take a 
sample, the ring 11 {s pressed; this descends, compresses the spring 10, and opens the valve 8, The time clock 
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is switched on at the instant when the ring 11 is pressed. The valve 8 should be open for only a short time, as the 
amount of emulsion to be taken should only be such as to contain enough disperse phase to raise the cap within 
the range of the microscope scale. This amount depends on the sensitivity of the pointer, the content of disperse 
phase in the emulsion, and the difference between the densities of the disperse phase and the dispersion medium; 
it is usually 1-2 cc. The time during which the valve should be open, and the degree of vacuum, are determined 
from the results of two or three trial determinations. 


To determine the dispersity of a polydisperse emulsion, the whole disperse phase must be fractionated by 
particle size and the average particle diameter in each fraction determined. This fractionation actually takes 
place in the apparatus itself, as all the droplets of the sample taken, starting from the same level, have time to 
separate while passing along the tube 7 (from the valve 8 to the cap 6) because of their different velocities, 
determined by their size. Therefore the largest droplets reach the cap first, followed by progressively smaller 
droplets. Therefore the rise of the cap over a given interval corresponds to the weight of the droplets which have 
passed from the valve 8 to the cap 6 during the period starting with the instant when the sample was taken and 
ending with the start of the given interval. For determination of the dispersity of an emulsion with the aid of 
this apparatus it is convenient to plot a graph (Fig. 2), where a is the total deflection of the pointer in microscope 
scale divisions; aj —aj; is the deflection of the pointer in scale divisions, corresponding to the fraction i; 


(aj -aj—1). sgh: (Et ey) 
100 x oremrries the content of fraction i as a percentage of the total disperse phase present; ‘liyjell aes coin 
is the time of ascent of a droplet of fraction i in seconds; H is the path in centimeters transversed by the drop- 


2H 


let in the apparatus (Fig. 1);,W = ———————— 


is the velocity of the droplet in centimeters per second. 

The diameter of a droplet is calculated fromits velocity in a viscous medium by means of Oseen's equation 
[1], which covers the widest range of droplet sizes, or the simplified Stokes equation, These equations are normally 
used for suspensions, but it has been shown, Nordlund [1],that the deviations due to the existence of the disperse 
phase particles in the liquid state are so small as to be of no practical significance. 


Our apparatus, described in this paper, based on the balance principle, was used in investigations of the 
efficiency of various stirrers for mixing two immiscible liquids, and also for studying the extraction process in 
injection equipment. The apparatus proved quite reliable in all cases, the droplets measured ranged from 20 yp 
to 2 mm. 


Scientific Research Institute of Received October 25, 1956 
Organic Intermediates and Dyes, Moscow 
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DETERMINATION OF THE BOUND WATER CONTENT IN PEAT BY THE 
METHOD OF THE NEGATIVE ADSORPTION OFA RADIOACTIVE TRACER 


M. P. Volarovich, Fs=D. Sysoeva, V. V. Cherniavskaia and N. V.'Churaey 


Investigations of bound water are very important in relation to studies of the hydric properties of peat, which 
determine the course of such important technological processes as the drying of peat deposits, processing and dry- 
ing of peat, etc, Various methods have been used for determination of physically and chemically bound water in 
peat: negative adsorption of sugar, freezing, and tensimetry [1]. However, because these methods are compli- 
cated, lengthy, and require special equipment, they are not used for large-scale investigations, 


The method described below can be used for fairly rapid serial determinations of bound water content with 
the use of standard radiochemical laboratory equipment, Themethod is based on the negative adsorption of the 
radioactive tracer NagS* O,, containing the s® radioactive sulfur isotope, and is essentially a variation of 
Dumanskii's method [2], It was shown earlier [3] that NapS* O, can also be used as a radioactive tracer for deter- 
mination of the content of static water, not involved in filtrational motion, in peat. 


Relative Contents of Bound Water in Different Peat Samples 


Peat type Degree of decompo- ~ Bound water content (Wp) in % 
sition, % by radioactive by negative ad- 


tracer method sorption of sugar _ 

Medium peat No. 37 34.7 
Medium peat No, 36 7.3 
Same, processed once 21.4 
Same, processed twice 24.6 
Medium peat No, 79 13.7 
Sedge peat No, 77 19.8 
Scheuchzeria— sphagnum peat No, 40 25.4 
Pine ~ cotton grass peat No, 34 21.7 
Sedge —Lypnum peat No. 80 38.1 
Same, processed once 27.4 
Same, processed 3 times 15.2 

47.5 


Sedge peat No, 75 


For the experiments, peat samples 100 g in weight (M) were taken, with a natural moisture content (w) 
80-90%, determined previously by drying at constant temperature, The samples were placed in beakers, and 
distilled water was added in amounts (Mg) such that the relative moisture content of the resultant suspension 
was 95%, This gives a more exact comparison of the bound water contents of different peat samples, To each 
beaker 20 g (Mo) of NagS* Oy, solution was added, and the suspension was stirred mechanically for 15 minutes, 
Samples taken from the beakers after stirring were centrifuged. The initial and final NayS* Og concentrations 
were determined by measurement of the activity of samples of the original solution and the dispersion medium 
after centrifugation, Samples 1 ml in volume were taken (in duplicate) with a micropipet into metal foil cups 
and dried under the infrared lamp. The activity was determined by means of an end-type counter and the B-2 
radiometric apparatus. The relative error in the activity determinations did not exceed 0.5%. In calculations 
of the counts, the counter background was taken into account in the usual way. 
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The bound water content (Mj), was calculated by means of the formula: 


Mw No 


where Ny and N are the average counting rates (in pulses/minute) for the original solution and the dispersion 
medium, Calculations showed that the relative error in determinations of the bound water My by this method, 
with experiments in triplicate, did not exceed 45%, 


The results obtained by this method were compared with the data obtained by determinations of the bound 
water in the same peat samples by the method of negative adsorption of sugar. The initial sugar concentration 
and the filtrate concentration were determined by means of the IRF~23 refractometer (of the Pulfrich type) with 
the aid of Schonrock's table. The temperature of the prism and solution was kept constant to within +0.5°. In 
calculations of the sugar concentration, the water-soluble substances in the peat water were taken into account. 


The results of parallel determinations of the relative contents of bound water wy (as percentages of the 
sample weight) obtained by the two methods for different samples are given in the Table. 


Comparison of the tabulated data shows that the values obtained for the bound water contents of different 
types of natural and processed peat are fairly close. The radioactive tracer method can therefore be regarded 
as no less accurate than the method of negative adsorption of sugar. 


The Moscow Peat Institute Received October 16, 1957 
Chair of Physics 
LITERATURE CITED 
[1] N. N. Kulakov, Introduction to the Physics of Peat (Gosenergoizdat, 1947), 


[2] A.V. Dumanskii, Lyophilic Properties of Disperse Systems (Voronezh State University Press, 1940); * 
Colloid Science (Goskhimizdat, 1948).* 


[3] M. P. Volarovich, N, V. Churaev and B, la. Minkov, Colloid J. 19, No. 2 (1957)! "Proc. Acad. Sci. 
USSR 114, No. 5 (1957), ** 


* In Russian, 


** See C. B. Translation, 


118 


THE ACTION OF METAL OXIDES IN THE VULCANIZATION OF 
RUBBER BY TETRAMETHYLTHIURAM DISULFIDE 


B. A. Dogadkin and V. A. Shershnev 


Rubber is usually vulcanized with the aid of the so-called activators, metal oxides, zinc oxide being 
the one most often used, In vulcanization in presence of mercaptobenzothiazole or diphenylguanidine as 
accelerators it was found [1] that vulcanization activators have almost no effect on the rate of addition of 
sulfur to rubber, but have a significant influence on the rate and degree of cross linking of the rubber molecules. 
Special interest attaches to studies of the action of metal oxides in vulcanization with tetramethylthiuram di- 
sulfide (TMTD), as it is known from technological practice that in absence of zinc oxide this accelerator does 
not bring about vulcanization. 


Vulcanization with TMTD was studied on mixtures of natural rubber* and of synthetic isoprene rubber (SKI) 
masticated on microrolls, of the following compositions (in parts by weight): 


i) 


Mixture No. | 1 | 


NR* 100 100 100 
SKI — — 
TMTD Bao ne 
Stearic acid = == 
Zinc oxide — 5 
Magnesium oxide _ — 
Calcium hydroxide — — 
Ca(OH), *2H,O 


Poe aaa | 


The vulcanization was effected in a press at 143° under a hydraulic pressure of 100 atm. Under these con- 
ditions the interaction of TMTD with rubber is accompanied by the addition of sulfur and nitrogen to the rubber, 
probably in the form of radicals, together with other elements of TMTD, At thesame time TMTD is reduced to 
dithiocarbamic acid [2] which forms zinc dithiocarbamate in presence of zinc oxide. As the result of these 
reactions chemical cross links are formed between the molecular chains of the rubber; the concentration of these 
cross links, determined from the maximum swelling, can serve as a measure of the degree of vulcanization. 


It is seen in Fig. 1 that the accumulation ofsulfur in the vulcanizates is represented by curves with pro- 
nounced maxima; this means that part of the added sulfur is split off from the rubber during subsequent heating. 
This removal of sulfur is the consequence of the formation of volatile products, as the ratio of the total sulfur 
in the rubber to the amount of sulfur introduced in the form of TMTD, decreases appreciably as heating proceeds 
(Fig. 2). Metal oxides have little influence on the amount of sulfur added to the rubber. The influence of metal 
oxides on the amounts of volatile substances formed is more pronounced: in presence of zinc oxide the loss of 
sulfur is slight, whereas in absence of zinc oxide (and also in mixtures with magnesium oxide) up to 60% of the 
sulfur of the added TMTD is liberated in the form of volatile compounds. Calcium hydroxide occupies an inter- 
mediate position, The influence of metal oxides onthe formation of the spatial structure in the vulcanizates is 


* Natural rubber (NR) was extracted with cold acetone in a stream of nitrogen for 50 hours, 
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Fig. 1. Variation of the amount of bound sulfur 
Spound/Sintr, from thiuram, and of the density 
of the spatial network N of vulcanizates of 
natural rubber with TMTD: 
1) Mixture No. 1; 2) mixture No. 2; 3) mixture 


Fig. 2. Variation of total thiuram sulfur in vul- 
canization of technical SKI rubber with TMTD: 
1) Mixture No. 4; 2) mixture No, 5); 3) mixture 
No. 7; 4) mixture No. 6; 5) mixture No. 8. 
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Fig. 4. Kinetics of the formation of 
zinc dimethyldithiocarbamate in vul- 
canization of the following mixture: 
SKB (30% of 1-2 structural units) 100 wt. 
0 mw 0 6 0 0  %@ parts; TMTD, 4 parts; ZnO, 5 parts; 

Vulcanization time, min. stearic acid, 1 part; phenyl-6 -naphthyl- 
amine 1 part. 


Fig. 3. Variation of the density of the spatial 
network in the vulcanization of technical SKI 
with TMTD: 

1) Mixture No. 4; 2) mixture No. 5; 3) mix- 
ture No. 7; 4) mixture No. 6; 6) mixture No. 8. 


very significant: in absence of metal oxides a very thin 
network is formed (the maximum swelling cannot be 
measured) in natural rubber mixtures at the vulcanization 
optimum, after 15-20 minutes of heating. Further heating 
leads to reversion — the vulcanizate again becomes com- 
pletely soluble in hydrocarbons, Introduction of zinc oxide (5 wt, parts) into the mixture favors a rapid increase 
of the cross link content (at the vulcanization optimum in mixtures containing 5 wt. parts ZnO N, = 0.9°10!9 
ml‘) and decreases reversion of vulcanization, In mixtures based on SKI containing ZnO practically no rever- 
sion occurs (Fig. 3), but the effect is pronounced in mixtures containing MgO and Ca(OH), and in mixtures 
without oxides, Therefore, as in the previously investigated cases [1] of sulfur vulcanization in presence of 
mercaptans and diphenylguanidine, in vulcanization with TMTD, metal oxides primarily influence the formation 
rate and concentration of chemical cross links, In presence of zinc oxide (or zinc salts of fatty acids) dithio- 
carbamic acid is bound in the form of the zinc salt; its accumulation as vulcanization proceeds is shown graphically 
in Fig. 4, In mixtures without zinc oxide, dithiocarbamic acid (or the rubber complex containing the dithio- 
carbamyl radical) decomposes with liberation of carbon disulfide, leading to a considerable decrease of the total 
and bound sulfur in the vulcanizate (Fig. 2), The formation of carbon disulfide was detected by means of the 
qualitative reaction with ammonium molybdate [3]. The liberation of carbon disulfide is accompanied by 
formation of dimethylamine according to the equation 
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CH, Ci, 


N-t-on—. | NH Cs, 


CH, CH, 


The formation of dimethylamine was detected by means of Nessler's reagent. 


It is known that, under certain conditions, some secondary amines and similar compounds favor thermal 
and thermooxidative degradation of natural rubber and its vulcanizates. For example, phenylhydrazine sharply 
lowers the viscosity of rubber solutions on heating [4]; phenyl-g -naphthylamine (in conjunction with xylyl 
mercaptan) favors the degradation of sodium butadiene rubber vulcanizates [5]. Therefore it seems likely that 
the formation of the decomposition products of dithiocarbamic acid in the course of vulcanization also inten- 
sifies breakdown of the vulcanization structure; in other words, it decreases the degree of cross linking and 
leads to reversion, 


Zinc dimethyldithiocarbamate is fairly stable under vulcanization conditions, and therefore binding of the 
acid by means of zinc oxide tends to increase the density of the vulcanization network and retards reversion. An 
indirect indication of this effect of zinc dimethyldithiocarbamate was obtained in our experiments on the vis- 
cosity changes of natural milled rubber on heating in an inert gas and in air at 143°, Zinc dimethyldithiocarbamate 
has no effect on the variation of the viscosity of rubber under these conditions; but in presence of butyric or ben- 
zoic acid, which themselves do not influence the viscosity of natural rubber, dimethyldithiocarbamate produces 
a considerable increase in the fall of viscosity on heating, The degradation in this case is probably associated 
with the formation (in an exchange reaction with the acids) and decomposition of dithiocarbamic acid. 


Magnesium dithiocarbamate is not found in vulcanization in presence of magnesium oxide; this leads to 
the conclusion that magnesium oxide does not combine with dithiocarbamic acid formed. Therefore in mix- 
tures with magnesium oxide the same reversion occurs as in mixtures without oxides added as vulcanization 
activators. 


In addition to the main action of zinc oxide in the vulcanization of rubber with TMTD, described in this 
paper, some of the processes described previously [1] may also take place. 


The direction of the reactions between TMTD and rubber depends to a considerable extent on the type of 
rubber, It was found that in the vulcanization of butadiene rubbers the amount of zinc dimethyldithiocarbamate 
formed and the amount of bound sulfur increase with increasing relative contents of the 1-2 structure in the 
polymer. This means that the mobile hydrogen at the tertiary carbon atom in the molecular chain takes part ~ 
in the reduction of TMTD. At the same time the degree of cross linking, as was shown earlier for other types 
of vulcanization [6], increases with increasing contents of the 1-4 structure inthe polymer. Therefore the spatial 
structure is formed mainly from the principal chains in the rubber. The mechanism of the presumed reactions will 
be discussed in a future communication, 
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THEORY OF THE OPTICAL RECORDING OF MIXTURE COMPOSITIONS BY 
AN INCLINED CYLINDRICAL LENS ARRANGEMENT 


Ia.M. Bikson 


Optical recording methods are widely used in electrophoretic analysis of proteins. Svensson [1] proposed 
a recording method which he termed the crossed-slit method. An optical system assembled in accordance with 
Svensson's scheme, comprising two crossed slits and a cylindrical lens with a vertical axis, makes it possible to 
obtain curves by a photographic method, from which the concentrations of the components of a mixture can be 
easily found. However, the accuracy of this method is limited by the crossed slits: wide slits give a diffuse con- 
centration curve, while narrow slits lead to the same effect owing to diffraction of light. Troitskii [2,3] at- 
tempted to eliminate the defects of Svensson's method and at the same time to simplify the optical recording 
system by the use of an inclined cylindrical lens arrangement. Some use has been made recently of this new 
method [4-6]; however, in absence of a theory it is not possible either to make a rational choice of the design 
constants of the apparatus, or to compare the inclined cylindrical lens arrangement with the Svensson system (the 
theory of which has been worked out in detail). A theory of the Troitskii method is advanced in the present paper. 


Figure 1 is a schematic representation of the optical system for recording the concentration distribution in 
the electrophoresis vessel C. 


If the cell C contains a homogeneous mixture, it has no refracting effect and the lens system B and D gives 
an image of the point light source A at some point O. After electrophoresis, a refractive -index gradient is set 
up along the vertical axis in the cell C; its action can be likened to the action of a cylindrical lens with a hori- 
zontal axis. The image of the point A will now take the form of a vertical line in the plane E.* The screen G 
(photographic plate) is arranged in such a manner that an image of the cell C** is formed on it by means of the 
lens D (in absence of the cylindrical lens F). The inclined cylindrical lens F introduces astigmatism into the 
optical system; its position between the planes E and G is so chosen that the foci of the sagittal beams from the 
points of plane E and the foci of the meridional beams from the cell C coincide on the screen G, The rays of 
light from the source A are then expanded on the screen in the form of a curve. 


Formation of the concentration diagram. The analysis of the composition of the mixture is based on the 
geometrical properties of the curve formed on the screen G (we shall term this the concentration diagram) (Fig. 


1). We denote by 9 the angle formed between the geometrical axis of the cylindrical lens and the vertical (the 
angle 9 lies in a plane perpendicular to the axis of the optical system). We now introduce the following three 
coordinate systems. In the plane of the cell C; the x coordinate axis in the direction parallel to the geometrical 
axis of the cylinder F, and the coordinate axis z, taken along the vertical (i.e., in the direction of the concen- 
tration gradient); the coordinate origin is situated at the point O,, where the refractive-index gradient dn/dz = 
= 0. In the plane of the screen G: the coordinate axis X, taken in a direction parallel to the coordinate axis x, 
and the coordinate axis Y, in a direction perpendicular to the coordinate axis X; the coordinate origin is at the 
point corresponding to the image of the point O, obtained by means of the single lens D, In the plane E; the y 
axis, in a direction parallel to the Y axis; the Z axis, taken parallel to the z axis, and the w axis, taken along 
the horizontal; the coordinate origin is at the point O. The point in the cell C with coordinate x will appear 
on the screen G as a thin line parallel to the Y axis, and at a distance X from it. The point in the plane E with 


*Here and subsequently the curvature of the focal planes is ignored. 
** This means one of the cell faces; the front face, for the sake of definiteness. 
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Fig. 1. Diagram of optical recording system. 


the coordinate y will be represented as a thin line parallel to 
the X axis and at a distance Y from it. Thus, a ray of light 
which crosses the plane C at a point with coordinate x and 
the plane E at a point with coordinate Y will give a bright 
point with coordinates X,Y on the screen G, 


We denote the magnifying powers of lenses D and F by 
K, and Ky respectively.* The relationships between the co- 


Fig. 2. Effect of the concentration gradient ordinates x and y, and the coordinates X and Y are given by 
in the solution in the cell on the path of a the expressions 
ray of light. 
X =Kyx, (1) 
Y = Kyy. (2) 


The formation of a concentration gradient along the Oy, axis blurs the point image of O in the lane E, 
along the OZ axis. The relationship between the above coordinates in the plane C is given by 


X =z cos 0, (3) 
and in the plane E, by 
y = Zsin 6. (4) 


These four equations contain six variables: x, y, Z, X, Y and Z. In order to obtain the equation to the 
curve Y(X) by elimination of the other variables, we must find a fifth equation connecting z and Z. For this we 
use the equation derived by Lamm [7] for the variation of the angle of deviation Ag of the ray in the cell with 
the refractive -index gradient of the solution and the thickness of the cell a, taken along the optical axis. 


YING A ae eee (5) 


Figure 2 explains the relationship between the coordinate Z and the angle Ay, where C is the front face 
of the cell, D is a long -focus lens, E is the plane of the light-source images, and G is the screen (photographic 
plate), In the absence of a refractive-index gradient, a ray from the point M travels along the path MOQ, an 
image of the point M being formed at the point Q, and an image of the light source at the point O, With the 
formation of a refractive-index gradient the ray takes the new path MPQ, Owing to the low optical strength of 
the cell, the image Q does not deviate significantly from its previous position, while the image of the light 
source is displaced from O to P, The displacement OP is equal to the product of the distance 2 between the 
planes E and G, and the angle OQP. In turn, the angle OQP is equal to the ratio Ag/K,. 


*The magnifying power Ky is the magnifying power of the cylindrical Jens with respect to the sagittal rays, 
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Thus, 


Sd id 6 
Z=— Ae 42) 
and, by virtue of Equation (5), 
= lL dn 
et oe (7) 


Combining Equations (2, 3 and 7) we have 


Yar sin 0. (8) 
From Equations (1) and (3) we obtain 
dX = K, cos bdz. (9) 
Multiplication of Equations (8) and (9) and integration of the resultant equation with respect to n gives 


Xa 


| YdX = alK, (n, — n;) sin 4 cos 6. (10) 
X, 


On the assumption that the increment of the refractive index is proportional to the increment of concen- 
tration c 


An = mAc (11) 


(where m is a constant) we can write Equation (10) in the form 
es in 20 
So = - al Ky (cz — c;) sin 20, (12) 


where S is the area of the screen contained between the curve Y(X), the X axis, and the lines X = Xy, X = Xg. 


Estimation of the resolving power of the optical system, In this theory of optical recording we neglect the 


dimensions of the light source, considering it as a geometrical point, which corresponds to the concept of the 
Y(X) curve as an infinitely thin line, In reality the curve on the screen G has finite width, and this limits the 
sensitivity of the method. 


Assume that the luminous surface A is a circle of diameter e. Since both the plane C and the plane E are 
projected onto the screen G, there are two causes for the spreading of the Y(X) curve into a band of finite width. 


1. The cell C is entered in the direction y not by one ray which reaches the point z, but by a beam which 
passes through the plane C between z and z + Az. 


2. In the plane E along the Z axis, we have the image not of an infinitely thin line, but of a band of width 
Aw = Ke, (13) 


where K is the magnifying power of lenses B and D. 


These two factors apparently overlap to some extent. However, we shall consider the least favorable case, 
when the effect of the two factors is additive. We represent the width AN of the line Y(X), taken along the nor- 
mal, as the sum (AN), + (AN), (here and subsequently the subscript indicates one of the two spreading factors. 
considered above). Analogously, the width AX of the line Y(X), taken in a direction parallel to the X axis, and 
the width AY, in a direction parallel to the Y axis, can also be represented as sums of two intercepts 
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AX = (AX); + (AX)a, hae) 
AY = (AY), + (AY). (15) 
We shall use the approximate equations 


(AY), >. PRAR se - 
(AX) — SR RT dk (16) 


The value of dY/dX can be found by differentiation of Equation (8) with respect to z and elimination of dz from 
the resultant equation and Equation (9) 


dy Ky dn 
= =al 


tan ( 
aX Ke dz2 ate, (17) 


The spreading of the coordinate z by the amount Az will determine the spreading of the coordinate x 


Ax = Azcos @. (18) 


From this and Equation (1) we have 


~ 


(AX); = K,Az cos 6. (19) 


We find Az from the condition that the rays passing through the cell over the interval Az form, in the plane 
E, an image with diameter 


AZ = Ke. (20) 
From Equations (7), (19) and (20) we obtain 
KKie cos @ 
= : 21 
(as ald?n | dz? ie 


Substitution into the first of Equations (16) of the values of (AX), from (21) and dY/dX from Equation (17) 
gives 


(AY). = KKgesin 0. (22) 
The value of (AY), is determined by the spreading of the coordinate y. 
(AY). = K,Ay = K,Awcos 6, (23) 
which, because of Equation (13) gives 
(AY), = KKge cos @. (24) 
By adding Equations (22) and (24) term by term, and taking Equation (15) into account, we find 
AY = KKge (sin @ + cos @). (25) 


We now use Svensson's concept [1] of the resolving power of the optical system. The resolving power is 
taken to mean the value Acj of the concentration increment inthe cell at which the area S enclosed by the 
curve Y(X) becomes equal to the area o of the curve itself. 


An element of the area of the curve is represented by the expression do = AYdX, which gives, by virtue 
of Equations (25) and (9) 
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do = KKyKge (sin @ + cos @) cos 6 dz, 
and, after integration 


Oo = KK,Kge(sin 9 + c s @)cos 6 Az, (26) 


where Az is the distance over which the concentration changes by Ac (i.e., in practice, the width of the bound- 

ary layer in which a concentration gradient of a given component is formed after electrophoresis), Equating the 
right-hand sides of Equations (12) and (26) and solving the result- 
ant equation for Ac, we have 


K Aye 
Ac; = ——* (1 --- cot 0) Az. (27) 


mal 


Comparison of the results obtained with experimental data 


and with the crossed-slit method. The relationship between the 


2 0 20 3 40 50 60 0 0 WE area S of the diagram and the concentration of the component, 
represented by Equation (12), has been confirmed experimentally 
Fig. 3. Area of the concentration di- (3, 5] and is used as the basis for determinations of the composition 
agram as a function of the inclination of mixtures, 


of the cylindrical lens, ‘ ‘ 
Troitskii and Rodionov [5] studied the variation of the area 


S with the angle 9; their results are given in Figure 3, where the 
continuous line represents the S-9@ curve calculated from Equation (12), and the points represent experimentally 
determined areas, 


In com parisons of the two methods of optical recording it should be remembered that numerous variations 
in the arrangement of individual components of the optical system are possible in both methods.,* 


Figure 1 corresponds to a definite variation of the crossed-slit method, in which there is a horizontal slit 
‘in place of the light source A, and an inclined slit in the plane E. In the horizontal slit an image of the line 
source of width « is formed; the angle between the second slit and the vertical is @. For these conditions, 
Svensson's theory gives 


S = malK, (c,—c,)tano, (12a) 
KK . 
Ac, = + Az -- D(A), (27a) 


where @ is a certain function of the wavelength. 


Comparison of Equations (12) and (12a) shows that the crossed-slit method can give a concentration dia - 
gram of considerably greater area than the inclined cylindrical lens method, The importance of this should not, 
however, be exaggerated, as the scale of the curve can always be enlarged as desired by ordinary photographic 
enlargement. 


Comparison of Equations (27) and (27a) is significant. It was shown by Svensson [1] that in Equation (27a) 
the term KK,¢/mal is small relative to (A), Therefore, comparison of Equations (27) and (27a) leads to the 
conclusion that the inclined cylindrical lens method, which eliminates diffraction effects, makes it possible in 
principle to obtain high resolving power in a system for recording the distribution of concentrations in the cell. 


Equation (27) clearly illustrates the role of the individual parameters of the optical system; its resolving 
power increases with decreasing K and K, and with increasing a and2. These parameters play the same role in 
Troitskii’s apparatus as in Svensson's apparatus. In this connection, we may refer to the statement by Troitskii 
and Rodionov [5] that their instrument is transportable. To increase the sensitivity of the optical system, porta- 
bility should be abandoned and the optical path increased considerably. 


*However, different versions of the same method are analyzed similarly. 
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SUMMARY 


1. A theory is presented for the optical registration of the composition of a mixture with the aid of an in- 
clined cylindrical lens system. 


2. The resolving power of the optical system in this method is estimated. 


3, It is shown that with suitably chosen parameters of the optical system the resolving power of the new 
method may exceed that of systems used previously. 


In conclusion, the author expresses his gratitude to Professor G.V. Troitskii, who suggested this investigation 

and who kindly placed at our disposal the experimental data given here, prior to publication. 
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CHARACTER OF THE RELAXATION OF NONVULCANIZED RUBBER MIXES 


K. Weber 


We have designed a plastometer which can be used, with the minimum expenditure of time, for charac- 
terization of the technological properties of viscoelastic materials, The present investigation was confined to 
nonvulcanized rubber mixes, 


To be effective, the method must conform to the requirements of the control of technological processing 
of the stocks. In the rubber industry, the plastometer designed by Baader and manufactured by the "Continental" 
company is widely used; the principle of this instrument is based on determination of the load which produces 
an axial compression of 4 mm in 30 seconds in a cylindrical specimen (10 x 10 mm). The value of this load 
is checked for four specimens. Immediately after the determination the load is removed from the specimen and 
its elastic recovery is measured after 30 seconds. It is possible to vary the temperature. The determinations are 


Fig. 1, Design of the plastometer: 1) motor; 2) drive; 3) preheating cham- 
ber; 4) heating chamber; 5) specimen; 6) force detector; 7) dynamometer 
spring; 8) tube generator; 9) modulator; 10) amplifier; 11) discriminator; 
12) filter; 13) direct-current transformer; 14) loop oscillograph; 15) battery; 
16) dynamometer spring; 17) force detector; 18) air gap. 


usually made at 80°. The rate of deformation is not constant during the measurement; its average value is 0.2 
mm/second, Because of the viscosity of the material, its deformational properties depend on the rate of load- 
ing (in milling, calendering, mixing, etc.), However, this rate is about two orders of magnitude greater than 
the rate used in the tests, which lowers the effectiveness of the method. Our aim was to design an instrument 
in which resistance to deformation could be measured at relatively high deformation rates, and relaxation of 
stress at constant deformation could also be determined. A block diagram of the instrument is given in Fig, 1. 


A cylindrical specimen (10 x 10 mm) is deformed by axial compression. at a constant rate (usually 10 
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mm/second) to a predetermined extent; the maximum resistance to deformation can be measured in absence of 
any significant displacements in the measuring instrument. Stress relaxation is recorded immediately after the 
deformation. It is possible to observe the kinetics of relaxation or, in serial tests, it is possible to measure the 
stress corresponding to a given time (say 30 seconds) in the deformed state. The results of the tests for each spe - 
cimen are interpreted independently. The force is transmitted through a plate (dynamometer spring) carrying 
the specimen, and the curvature of the spring is recorded by an induction force detector. The dynamometer 
spring is so designed that a force of 20 kg (the maximum value) produces a deformation of less than 0.01 mm. 
The electronic measuring circuit operates on the carrier frequency. The tube generator produces oscillations at 
a frequency of 5 ke, and at an amplitude modulated by means of an alternating-current bridge. The induction 
detector is situated in one arm of this bridge, and a resistance in another. The modulated-amplitude oscilla - 


Fig. 2. Auxiliary measuring device. 


» 


tions are amplified, demodulated by means of a ring discriminator, and fed into a direct-current amplifier 
through a filter. This amplifier produces signals recorded by a cathode-ray (+200 v) or loop oscillograph. In 
order to ensure that the instantaneous value of the maximum resistance to deformation (Sp) is measured, an aux- 
iliary measuring device was constructed, with an instrument the pointer of which is set to a reading correspond- 
ing to the maximum resistance to deformation, The circuit of this device is given in Figure 2. When the bridge 
is balanced, we have the same voltage at the anode of the tube 6 as at the grid of tube 4, If the bridge is out 

_of balance, the grid voltage of tube 6 is more positive, the anode current of tube 6 increases and the anode volt- 
age diminishes. As a result, the capacitor C5 is discharged by means of tube 5 by the same amount. The change 
of the cathode current of tube 4 determines the pointer reading at Sp. If the grid voltage of tube 6 now becomes 
more negative (this depends on the behavior of the induction detector during relaxation of stress in the specimen), 
the anode current of this tube decreases, and the anode voltage increases. However, the capacitor C5 can no 
longer be charged by the same amount, as tube 5 is cut off. At the end of the measurement, after the compres- 
sion plate has been raised again, the capacitor C5 is again charged through a relay by means of the voltage dis- 
tributors R13 and R14, and is switched over to “measurement” shortly before the next measurement. In parallel 
with this device, another measuring instrument is connected before the direct-current amplifier, the pointer of 
which indicates the stress at any instant after deformation. The amplification can be varied to give three - 
measurement ranges: the full sweep of the pointer (100 scale divisions) can represent 5, 10 or 20 kg. 


~ 


A photograph of the instrument is shown in Figure 3. Figure 4 is an oscillogram obtained in tests of a 
tread stock based on Buna S, This shows an ascending region corresponding to the deformation period, a sharp 
stress maximum, and a relaxation curve. It was found during analysis of the results that the relaxation of stress 
measured by this method in pure natural and synthetic rubbers and mixtures with fillers, plasticizers, etc., based 
on these rubbers does not conform either to an exponential or to a logarithmic law. It may be expressed as the 
sum of three or more exponents, but such an expression requires the use of at least three time constants and 
three constants with the dimensions of force or stress, Thus, the expression for the stress-time re lationship in- 


volves at least six mathematical constants which, moreover, depend on the measurement points chosen for the 
calculations, 


We found a fairly simple empirical interpolation formula, which represents the results of our experiments 
very satisfactorily. This equation contains only two constants, and is of the form 
Sod thes 
ss, Vs Fi 
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Fig. 3. General view of plastometer. 


where Sp is the maximum stress at the instant the deformation process is ended; tis the time; Sg and rf are 
constants. The relative relaxation.of stress S/Sp is given, after rearrangement, by, the expression 
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This expression can be readily verified by plotting 
R(t) as a function of 1-R(t)/Vt. If the expression is valid, 
a straight line should be obtained cutting off an intercept 
Fa Sec Roo along the ordinate axis, and with slope Yr. It is 
: found in all cases that the relative relaxation of stress R(t), 
both for pure rubbers and for complex mixtures, is inde - 
pendent of the shape of the specimen or the magnitude of 
the deformation; this is true for all measurement temper- 
atures from 20 to 100°. 


Fig. 4. 


Figure 5 gives the results of measurements carried out with butyl rubber (Ay) and Buna S4 (A,) at 20, 50 
and 80° (see page 132) interpreted with the aid of the above expression. The deformation behavior of the two 
polymers varies in different ways with the temperature; this suggests differences in the internal mobility of the 
molecules. Indeed, the internal mobility of the molecules of butadiene -styrene copolymer is hindered to some 
extent by the presence of styrene. Natural rubber (NR) exhibits similar relaxation behavior to butyl rubber, 
while other Buna types resemble Buna S4 in this respect. Figure 6 gives the results of a series of measurements 
on three types of rubber mixes, differing only by the nature of the rubber: mix B, was based on pure NR, By — 
on NR with Buna S4 (50:50), and B, — on pure Buna S4. All three mixes contained thirty parts of finely divided 
channel black E. Here the nature of the rubber again determines the differences in the effect of temperature on 
relaxation; the behavior of a mix based on two rubbers is found to be intermediate relative to the respective 
pure rubbers. The nature of the relaxation of six different mixes is shown in Figure 7. The relative stress relax- 
ation after 60 seconds (Sgp/Sg) is plotted against the maximum resistance to deformation Sp. Each curve corres- 
ponds to one mix and to different temperatures, varied in the range of 20 to 80°. This is an unusual way of plot- 
ting the graphs, but it illustrates very clearly the influence of temperature on the resistance to deformation and 
relaxation of stress in the rubber. As both these factors are significant in evaluation of the processing character- 
istics of a given mix, this method quickly gives a fairly complete picture of its technological properties. By, Bg 
and Bg are the above-mentioned mixes containing channel black E, while By, Bs and Bg contained the semirein- 
forcing acetylene black P 1250, which ensures good extrusion properties. The continuous curves represent mixes 
By, By and By with channel black E; the dash lines represent mixes By, Bs and Bg. Mix Bg, based on Buna with 
channel black E, shows an increase of the relative stress relaxation at 80°. This reflects the elasticity of this 


mix, which determines its very poor extrudability. 
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On the other hand, the mix Bg based on Buna and containing P 1250 black shows a further decrease of the 
relative stress relaxation at 80°, which is fully consistent with its good extrudability. It is seen that mixes based 
on pure NR (By and By) do not show this effect while their technological properties are just as good. However, in 
mixes By and By, based on combinations of rubbers, the influence of the carbon black differs from its influence 
in mixtures based on pure Buna. These combined mixes are intermediate in their properties between mixes based 
on the individual rubbers. The results of these tests on other mixes are given in the table, The deformation, 


test temperature, Sp, and the constants Rg and r of the relaxation equation are given for each mix. Mixes Ay 
to Bg have already been mentioned. The types of rubber and carbon black exert an influence in these mixes. 
Mixes C, and Cy, based on Buna 3, differ only in the degree of degradation of the rubber, that is, in the Defoe 
hardness, with values of 1400 and 400 respectively. The very large differences of the effects of temperature on r 
and Rop indicate the strong influence of the degree of degradation on the nature of the relaxation. The more 
"elastic" mix based on hard rubber is more difficult to work than a mix with soft rubber. The increase of the 
constant r with temperature for the soft mix suggests that temperature has a negative influence on extrudability; 
this is in harmony with practical experience. The mixes D, and D, based on NR have the same composition, and 
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Test tern Deforrma- Relaxation con- Composition of mixes 
perature, |tion, mm stants 
Mix a So kg components — |contents in 
t (SEC) R wt, parts 
20 5 6.95 8.87 | -|.0.0256} Butyl rubber Not filled 
Ay 50 5 5.43 4.43 | —0,0529 
80 5 4.27 0.95 —().0530 
20 5 7 78 1.10 {+-0.075 | Buna S4 Not filled 
Ag 50 5 5 40 0.60 | -|-0.090 
80 if 3.32 0). 46 -|-0.4138 
20 3 4.04 6.65 | --0.0825| NR 100 
B, 50 3 2.84 800 —-(1).0325 | Carbon black E 30 
80 3 2.00 0) 54 —(0) 0038 
I 
20 3 4.17 1.353 |--0.0701 | NR 100 
By 50 3 Bie 0.576 | 4-0.0594] Buna S4 50 
80 3 1.60 0.432 |-+0.0778| Carbon black E 30 
2 3 3.63 0.527 | +-0,0509| Buna S4 100 
Bs 50 3 2.42 0.380 | --0.0733} Carbon black E 30 
80 3 1.16 0.618 | 4-0.0791 
20 3 4.30 5.64 |+0.0684| NR | 400 
By 50 3 3.26 2.71 | —0.0234| Carbon black 30 
80 3 e762 1.047 |—0.0244| Pp 1250 | 
20 3 4,23 1.368 |+0.064 | NR 50 
Bs; 50 3 2,96 0.804 | +0.0391} Buna S4 50 
80 3 1.84 0.416 | +0.0403| Carbon black, 30 
P 1250 
20 3 3.68 0.552 |+0.0444| Buna S4 100 
Be 50 3 219 0.295 | --0.0521 | Carbon black 30 
80 3 4.16 0.569 }|—0.0034} P 1250 
20 3 5.26 2.92 |+0.104 | Buna S3 100 ( * 1400) 
Cy 50 3 4.410 1.217 |+0.126 | Carbon black E 30 
80 3 3.02 0.923 | +0.137 
20 3 3.68 0.781 |+0.058 | Buna S3 100 ( * 400) 
Cp 50 3 2.06 0.781 |-+0.058 | Carbon black E 30 
80 3 1.49 4.604 | ++0.034 
20 5 6.14 5.64 |-+0.100 | NR . 400 
D 50 5 4.87 2.80 |—0.0419 | Carbon black E 30 
80 5 3 76 1.83 |—0.062 (unmilled 
stock) 
20 5 4.89 2.80 |-+0.014 | NR 100 
D 50 5 3.38 4.16 |—0.041 | Carbon black E 30 
- 80 5 2.24 0.56 |—0.040 (milled stock) 
20 3 4,30 2.32 --0 033 | NR 80 
50 3 2.07 0.706 | 4-0.015 | Buna S3 20 
80 3 1.28 () 257 | --0.036 | Carbon black E 15 
“Hardness. 
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TABLE (continued) 


ik Test tem-| Deform- Relaxation con- Composition of mixes 
Mix  |perature, | ation, a ba , 
°“G mm S» kg components contents in 
~ (SEC ) R wt. parts 
20 3 8,10 1.382 | +0.063 | NR 80 
Ee 50 3 4.80 0.488 | -+0.068 | Buna S3 20 
80 3 3.20 0.250 | +0.125 | Carbon black E 60 
20 3 3.26 0.756 | --0.066 | Buna S3 100 
Fy 50 3 1.45 0.530 | +0.074 | Carbon black E 30 
80 3 0,80 0.658 | +0.154 
20 3 7.85 0.782 | +0.076 | Buna S3. 100 
Fs 50 3 3.20 0.450 | +0.093 | Carbon black E . 60 
80 3 1.80 0.404 | +0.162 


| 


only differ in the degree of mastication. It is readily seen that 
the unmilled mix is more elastic. E, and E, are two combined 
mixes with a predominance of NR, and they only differ in the 
carbon black content: E, contains 15 parts and E, 60 parts of 
carbon black E. The dependence of the relaxation on tempera - 
ture diminishes with increasing temperature with increasing 
active black contents. The relatively high value of Ro indi- 
cates that the elasticity increases with increasing concentra - 
tion of the active black. F, and F, are mixes based on pure 
Buna $3 with different concentrations of active carbon black 

E (30 and 60 parts). The influence of the carbon black con- 
tent is less here than in the corresponding mixes based on NR. 
The. more pronounced effect of temperature on the constant r 
is a sign of better extrudability as the result of the higher car- 
bon black content; however, the change of Rg in the opposite 
direction indicates that the shrinkage should be greater. This 
is also in full agreement with technological experience. If the 
relaxation of stress is represented as the sum of a very large 
number of elementary exponential processes, for the limiting 
case we have the following expression 


= \ L(t) e—"d Inc, 
0 


where L(t) is the relaxation spectrum in a logarithmic time scale, which may be calculated, with the aid of the 
Laplace transform, from the empirical formula which is in good agreement with the experimental data, A 
method of successive approximations has been given by Schwartzel for integral transforms of this type. In the 
first approximation, the equation has the form 


L,(t) =dR(t)/dlnt. 


If we solve this equation, we obtain the following formula for the spectrum from our expression for the relaxa- 


tion 
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Fig. 8. 


It follows from this equation that the spectrum has a maximum at the point t = rt. The constant 7 in our 
equation for the relaxation proves to be the relaxation time corresponding to an elementary process occurring at 
the maximum intensity. Figure 8 gives the approximate spectra for mixes By, By and B, as functions of the tem- 
perature. Both the spectral intensities and the relaxation times of the maximum intensity reveal a very obscure. 
picture of the effects of temperature, which cannot be explained kinetically or thermodynamically as yet. The 
question arises whether this is due to the approximate nature of our calculations or whether the composition of 
the mixtures, which are complex multicomponent systems, has a fundamental significance. 


In conclusion, I wish to express my gratitude to the Director of the Central Scientific Research Center of 
the Tire Industry of the German Democratic Republic Dr. A. Springer for his guidance in this investigation. I 
also offer my thanks to Engineer Heinz Luckner, who constructed the instrument, and to all my associates, 
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SUMMARY 


A description has been made of a new plastometer by means of which the viscoelastic properties of rubbers 
are characterized by load-deformation curves (during the axial compression of cylindrical specimens at 10 x 10 
mm at a constant rate of approximately 10 mm/sec) and load-time curves (at arbitrary constant compression) 
obtained in a single run, The electrical arrangement including an induction detector and a cathode ray or loop 
oscillograph provides for a high degree of accuracy and for the automatic recording of the results, The em piri - 


cal formula Se fe iv t — where S is the instantaneous stress at the time t reckoned from the moment of 
— Do Mia o 

cessation of the deformation, Sp is the initial stress value (at t = 0) and Sg and 7 are empirical constants, has 

been proposed for describing the relaxation curves, Data have been presented to illustrate the correlation be- 

tween the values for the constants and their temperature dependence on one hand and the technological proper - 


ties of the rubbers on the other. 


Received September 15, 1957 Central Scientific Research Center of 
the Tire Industry 
Furstenwalde 
German Democratic Republic 


136 


INVESTIGATION OF THE TRUE FLUIDITY AND ELASTICITY OF 


RUBBERS AND RAW RUBBER MIXES 


B.I. Gengrinovich and G.L. Slonimskii 


As is known, the deformation of rubbers and raw rubber mixes under the action of external forces develops 
in two different forms,* because of the ability of polymeric substances to undergo reversible, high-elastic deform- 
ation, and irreversible deformation or true flow. The mechanical properties of such substances are therefore de - 
termined by their capacity to undergo both types of deformation, and should be studied in such a way as to take 
into account the simultaneous manifestation of both. 


Detailed studies of the subject [1-3] have been carried out relatively recently, and relate only to pure un- 
diluted rubbers. If the laws governing the development of the individual components of the total deformation of 
raw rubber mixes could be established, this would provide insight into the dependence of the mechanical proper- 
ties both on the molecular structure of the rubber, and on the nature of the ingredients introduced into the mix. 
This insight, in its turn, is necessary for the development of the physical principles governing the composition of 
rubber mixes with required technological properties, and for the selection of rational methods for the laboratory 
testing of raw mixes, 


The present communication contains certain data obtained in an investigation of the properties of raw 
mixes with the object of determining the laws which govern the development of the different components of the 
total deformation. 


Method of investigation and interpretation of the results. The mechanical properties of rubbers and mixes 
were studied by the method of uniaxial compression of cylindrical specimens 10 x 10 mm. 


The rubbers, and also the milled mixes, contained considerable numbers of pores, which could distort the 
results of the determinations. To remove the pores, the materials were rolled to give the thinnest possible films, 
which were stacked into sheets of the required thickness. Each sheet was placed in the middle of a cylindrical 
mold, where it was slowly pressed under a hydraulic press until excess of the mixture flowed out through the gap 
between the plunger and the mold. After 2-3 days under pressure, the sheet was removed from the mold and 
then stored for several days at room temperature to allow the stresses to decay. To complete the relaxation, the 
sheet was placed for 3 hours in a thermostat at 55-60°. Specimens cut from the sheets were subjected to addi - 
tional relaxation at room temperature for several days. 


The specimens were assumed to be at equilibrium when their height became constant as measured by 
means of a micrometer with 0.01 mm divisions, It must be pointed out that this cannot be regarded as a strict 
enough criterion; it merely indicates that the stresses which arose during preparation of the specimens had re - 
laxed to the extent which is possible at room temperature. For true equilibrium the spécimens must be kept for 
a long time at elevated temperatures, which gives risé to pore formation. Moreover, experiments showed that 
exposure to high temperatures apparently causes chemical changes in the raw mixes, so that consistent results 
cannot be obtained in measurements of the mechanical properties. As the specimens were not quite in equili- 
brium, this introduced some dégree of uncertainty into the quantitative studies, However, we considered that 
it was preferable to study specimens containing certain internal stresses rather than specimens of changed chem - 
ical composition. 


*We disregard elastic (Hookian) deformation, which is very small. 
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A Hiippler consistometer, modified for our purposes, was used for the determinations. The specimens were 
placed in a cylinder 20 mm in diameter, contained in a thermostat, and were compressed by means of a piston 
to which a load was applied through a rod. To diminish end effects, the ends of the specimens were smeared 
with glycerol, After the specimens had been held for 15 minutes at the temperature of the experiment, they 
were compressed at constant load. The displacement of the piston during compression was recorded as a func- 
tion of time. At the end of the predetermined time of action the specimen was removed and restored by treat- 
ment in boiling water for 30 minutes. The experiments were performed at 40,70, 100, and 120°. The mechan- 
ical properties at a given load were calculated from the following data: initial height of the specimen Hy, 
height under load after a definite time H,, and height after restoration of the deformed specimen at 100° fol- 
lowed by 24 hours at room temperature, Hs; H, and Hg were measured by means ‘of a micrometer at room tem- 
perature, and H, was read off on the consistometer scale at the temperature of the experiment. The deforma - 
bility was assessed as the true deformation, defined as the integral, between the initial and final lengths, of the 
ratio of an infinitesimal length change at a given instant to the actual length H at the same instant: 


Hp 


a ot Sana IT. 
Hy, 


In accordance with the accepted designations, we have the following expressions for the total (D), plastic 
(Dp) and high-elastic deformation. 


» 


H, FT, HH 
= —-_ ' = ——— * D ae z 
D =. ln Ty’ D, ln Hy he = In Hy’ 
It is seen that 

= Dp + Dy er 


As the true stress varied during deformation, the "coefficient of viscosity" was calculated as the ratio of 
Tv 


the integral: Jo(r)ds to the value of the plastic deformation which developed during the whole time of ac- 


tion of the load r. The integration was performed graphically by measurement of the area of the experiment- 
ally found curve for the variation of the total relative deformation with the time 1, 


(o(jar= (Ate) ax =| An (6) de = ANA (6) ds, 


where the stress o(7) at the given instant, the total relative deformation (rT) at the same instant, and the stress 
A calculated for the initial cross section are connected by the expression o = A(1 — €) or o = AA, which is 
valid if the volume remains unchanged during the deformation; A is the relative length of the specimen. 


Thus, the viscosity was calculated by means of the formula* 


Jocas AVn tear 
0 0 


7 pF — * 
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* It may be noted that if 7 = const, from 4 D we have o = n Pe, which is Newton's generalized 


viscosity equation, This was the reason for our choice of n for characterization of the plastic properties, 
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To characterize the high-elastic properties, we determined the elasticity modulus, defined as the ratio of the 
stress acting on the specimen before removal of the load to the true high-elastic deformation 


AXr 
Dhe ~ 


Ehe = 


The initial stress was varied from 0.13 to 1.86- 10° dynes/cm?, and the deformation time, from 3 to 300 
minutes, Rubber mixes based on SKB-50gy were used in the study. The mixes did not contain vulcanizing 
groups. The mixes contained, in parts by weight, 100 rubber, 5 each of Rubberax, asphalt, and zinc oxide, 2 of 
oleic acid, and 45 carbon black (channel black in Mix 1 and lamp black in Mix 2). Experiments were also per- 
formed on rubbers without added ingredients and on three-component mixtures containing 100 parts of rubber, 
2.5 of stearic acid, and 45 of carbon black (chan- 
nel in Mix 3 and lamp in Mix 4). The deforma - 
tion conditions for the rubbers and three -component 
mixtures are given in the account of the experi - 
mental results. The results of the determinations 
»- mix ¢ are given in CGS units, 


Experimental results and discussion, Figure 1 


gives the curves for the development of total de- 
formation and the individual components of the 
deformation in SKB-50gy rubber and mixes con- 
JO 60 90 vomin taining channel (Mix 3) and lamp (Mix 4) black. 
It would have been desirable to compare the be - 
havior of these systems under the same compres- 
sion conditions; however, owing to the sharp 
change of properties produced by introduction of 
carbon black this condition could be only partially 
satisfied with the experimental procedure used, 


o SKB-50ay 
x-mix 3 


Deformation 


Fig. 1. Development of deformation of SKB-50ay 
rubber and of Mixes 3 and 4; t= 70°; A = 0.62-10° 
dynes/cm*; 1) total deformation; 2) high -elastic 
component; 3) plastic component. 


1b % The greatest deviations from uniform deformation, 
? SY which could distort the results, were found in the 
f 8 original rubber. 
ad a It follows from Figure 1 that the pure rubber 
ee Bs is deformed more easily than its mixtures, and 
a 2 this is due to high-elastic deformation, as the 
3 : 3 plastic component of the deformation is small. In- 
2 g troduction of carbon black decreases the total de - 
= formation. The two blacks differ little in their 
ae 30 60 90 Wisin effect on the reversible high-elastic deformability, 
the absolute values of the high-elastic deforma - 
Fig. 2. Effect of the time of deformation on the vis- tion of Mixes 3 and 4 being similar. The nature 
cosity and modulus of elasticity of SKB-50gy rubber of the black mainly influences the plastic deform - 
and Mixes 3 and 4; t = 70°; A = 0.62- 10° dynes/cm?: ation. Asa result, the deformation components 
1) SKB-50gy; 2) Mix 3; 3) Mix 4. are in a different ratio in the two mixes. Under 


equal experimental conditions, mixes containing 
channel black are characterized by a higher ratio 
of the high-elastic to plastic component in the total deformation, as compared with mixes containing lamp 
black. Accordingly, the coefficient of viscosity and elasticity modulus are higher in mixes with channel black 
than in mixes with lamp black (Figure 2). Thus, although the two blacks decrease the high-elastic component 
of the deformation to approximately the same extent, they confer different elasticoplastic properties on the mixes. 


The variations of the elasticoplastic characteristics of Mix 2 with the time of deformation and the load at 
different temperatures are given in Figures 3 and 4; similar relationships hold for Mix 1. 


It follows from these results that the elasticity modulus can either decrease or increase with time. The 
direction of the change of the elasticity modulus depends on a number of factors. At temperatures below 70° 
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Fig. 3. Effects of time, temperature, and stress on the mod- 
ulus of high elasticity of Mix 2. 


the elasticity modulus decreases with time at all the stresses used. At higher temperatures, the elasticity modu- 
lus increases with time. The greater the compressive force, the greater is this increase; it is evidently the result 
of chemical or physicochemical structural changes in the material under these conditions, Decrease of temperature 
and of the stress diminishes the role played by these changes and thereby favors relaxation processes which lead to a 
decrease of the elasticity modulus, These results suggest that the modulus of elasticity of raw rubber mixes as a 


b 20 40 60 £0 


106 ~min 


Fig. 4. Effects of time, temperature, and stress on the co- 
efficient of viscosity of Mix 2, 
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function of the time of action of the force has a minimum, It seems that in our experiments only isolated por- 
tions of this general function were observed; it depended on the temperature and the force which portion of the 
complete curve (descending or ascending) was actually observed in a particular experiment. At lower tempera- 
tures, when chemical and physicochemical processes develop slowly, relaxation of stress with time is the pre - 
dominant effect. At high temperatures these processes become appreciable, while the relaxation is so rapid that 
it is complete at the very start of the experiment. Therefore the modulus increases with time; the rate of in- 


crease naturally depends on the temperature and the force, which are the principal factors governing the mech- 
anochemical processes which develop. 


Examination of Figure 4 shows that the variations of viscosity with the time of action of the force, the 
magnitude of the force, and the temperature are also of a complex character. At 40° the viscosity decreases 
with time for small acting forces. At higher temperatures and at larger stresses the viscosity nearly always in- 
creases with time. It is possible that the complete viscosity-time curve also shows a minimum. Under the ac- 
tion of the applied force the structure of the raw rubber mix gradually breaks down, and the viscosity therefore 
decreases with time. During flow, however, the chain molecules are straightened, and chemical and physico- 
chemical processes altering the structure also develop. These changes produce a gradual increase of viscosity. 
Naturally, at low temperatures and small stresses the predominant process is the gradual breakdown of the struc- 
ture of the raw rubber mix, and therefore the viscosity decreases with time in such conditions. Conversely, the 
structure breaks down rapidly at high temperatures or large stresses, and the only effect actually observed is the 
development of chemical and physicochemical processes leading to structurization. At low temperatures and 
large stresses the viscosity increase may be attributed to the development of elastic deformation. 


The effect of temperature on the stress viscosity and stress-modulus relationships is very peculiar. The 
influence of the stress on the modulus of elasticity increases at higher temperatures, whereas the viscosity only 
depends on the stress at lower temperatures, 


All these peculiarities of the mechanical behavior of raw loaded rubber mixes indicate that their charac- 
teristic feature is the variability of structure in the course of deformation. Little is known as yet about the mech- 
anism of the variations of the structure of raw loaded rubber mixes during deformation, but it is quite evident 
that it depends on the chemical reactivity of the raw mixes and the variability of the structure formed by the 


tubber-carbon mixes. 
SUMMARY 


1, Data have been obtained on the mechanical properties of rubbers, two-component rubber-carbon black 
systems, and loaded raw rubber mixes at various temperatures and under different stresses, 


2. The true viscosity and the elasticity modulus of a raw rubber mix depend on the time, temperature, and 
the magnitude of the applied force; it is suggested that this is a consequence of the variability of the structure 
of the mix under stress and on heating. 
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THE COAGULATION OF LYOPHOBIC SOLS BY THE ACTION OF MIXTURES 
OF ELECTROLYTES. COMMUNICATION II, 


Tu.M. Glazman, I.M. Dykman and E.A. Strel'tsova 


Our previous paper [1] on this problem dealt with the coagulation of lyophobic sols by the action of mix- 
tures of two symmetrical electrolytes, of the 1 -1+ 2-2 type. It was shown on the basis of Deriagin's theory of 
stability of lyophobic colloids [2] that if the coagulation process is not complicated by subsidiary effects, syner- 
gism should occur on the addition of such pairs of electrolytes to a sol, over almost all of their concentration 
range. 


In discussing the causes of the antagonism which is experimentally observed in coagulation, we made the 
suggestion that the nature of this effect is predominantly associated with adsorptive interaction between the ions 
and the colloid particles, which occurs in the system when coagulant electrolytes are added to the sol and which, 
as a rule, probably decrease the surface potential of the disperse phase. However, in the light of certain litera- 
ture data on antagonism [3, 4], and also of our calculations [1], we noted that the possibility of antagonism is 
not excluded even in absence of such adsorption effects. This must primarily apply to the special cases in which 
the “unloading effect” of the colloid particles [5] caused by the electrostatic action of ions of similar charge to 
them, is fairly pronounced. Pauli and Valko [5] showed that, in consequence of this effect, the presence of mul- 
-tivalent foreign ions may lead to a considerable decrease of the coagulating action of the second electrolyte ad- 
ded to a colloidal solution. 


When a mixture of two electrolytes acts on a sol, two opposing factors, determined by different aspects of 
the mechanism of the coagulation process, are apparently always superposed. On the one hand, we have syner- 
gism, which is probably the consequence of compression of the diffuse ionic atmospheres which occurs when elec- 
trolytes are added to the system. On the other hand, there is always some tendency to antagonism, because of 
the influence exerted by electrolytes on the shielding by gegenions of the electric field on the inner layer of the 
double layer. The degree of this antagonism must evidently depend considerably on the “unloading effect" of 
the colloid particles [5] under the action of similarly charged ions. As both these factors are taken into account 
in Deriagin's theory, the results of calculations based on it must evidently depend on which of these factors pre - 
dominates. In the case considered previously [1], the latter factor is weak, as the presence of a 1 — 1-valent 
electrolyte produces the "unloading effect" [5] to only a small extent; therefore a 1 — 1-electrolyte has rela- 
tively little influence on the decrease of the coagulating action of the bivalent ion of the second component of 
the mixture. Because of this, calculation in this case shows synergism, and only in the very beginning the curve 
lies a little above the additivity line. With other combinations of electrolytes, where, owing to the “unloading 
effect" [5], the suppression of the coagulating action of the multivalent ion is more pronounced, this effect may 
prevail over synergism, and, in such cases, the theoretical curves can naturally be expected to correspond to an- 
tagonism. The present investigation was undertaken to verify these considerations. We therefore repeated the 
calculations reported previously [1], extending them to the coagulation of a sol by a mixture of two electrolytes 
of the type 1, - 2 + 2 — 2 (if the colloid particles of the sol are negatively charged, the ions of different valence 
in these electrolytes are assumed to be positive, and vice versa). The significant difference between this elec- 
trolyte system and the system considered previously [1] is that here the second ion of the first of these electro- 
lytes is bivalent, and therefore the "unloading effect" [5] is more pronounced. Accordingly, the coagulating 
action of the bivalent gegenion of the symmetrical electrolyte should be decreased to a greater extent in pres- 
ence of the first component of the pair,than in mixtures of two electrolytes of the type 1-—1+ 2-2, Otherwise, 
the calculations are based on the same reasoning as before [1]. 
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Suppose that unit volume of the solution contains ny positive ions of the first electrolyte, each carrying a 
charge 2 ez, and 2n,y negative ions each carrying a charge ez (here 2, as usual, is the valence of the ion). More - 
over, the solution also contains n, positive and ng negative ions of the second electrolyte, of charge 2ez. If we 
assume, as before [1], that the colloid particles are fairly large and can be regarded for the purpose of our prob- 
lem as pairs of infinite paralle1 planes at a distance h apart, then to determine the potential » at any point in 
the volume we can use an equation analogous to Equation (2) of the previous paper [1] 


- = 8 [rm exp (SY) — ny, exp (— et ) +'2n,Sh ( si )| : (1) 


The previous notation is retained: e is the unit charge; e¢ is the dielectric constant of the solution; 9 = kT, the 
product of the Boltzmann constant and the absolute temperature. It is assumed, for the sake of clarity, that the 
potential ~, on the plate surfaces (x = + h/2) is positive. 


It is easy to find the first integral of Equatian (1) and, by the reasoning given previously [1], to determine 
the integration constants (C). They are, for the inner and outer parts of the space respectively: 


Cy = n,|2 exp (=) + exp (— “| + 2n, ch (=) ‘ (2) 
C, = 3n, + 2ng, (3) 


where jy is the potential at the point x = 0. 


The square of the field strength (E%) at any point in the volume is; 


FE? = (sty Le [2m exp (%) + n, exp (— as + 2n, ch (F)He] (4) 


The values of C must be substituted into Equation (4) in accordance with Equations (2) or (3), depending 
_on whether the field strength is determined in the inner or outer regions. 


We now use Equations (2), (3) and (4) to find, as in Equation (6) of the previous paper [1], the force of re- 
pulsion P acting on unit area of the plates 


ez) 2ezh 2 
P=6 {n, [2exp (2) + exp (— | — 3| + 2n, [ch (=) — 1]} ; (5) 
For the subsequent integration of Equation (4), it is convenient to replace y by a new function u, defined as 


u = exp (=) . (6) 
We can then put 


i, = Oxp (3) ; uy =exp (3) : (7) 


Substituting the Function (6) into Equation (4) with an arbitrary constant, given by Equation (2), and integ- 
rating Equation (4) with respect to x between 0 and h/2 and with respect to u between up and uy respectively, we 
obtain the following relationship between uy and h after some simple rearrangement: 


co 


h V 2me2z? __ \ du 
ss 
0 [ny (2u8 — 2u?uy — un * + 1) + ne (ut — uru2 bi wrua? et) (8) 


Uo 


Since we are considering strongly charged sols, uy >> 1, and in the integral of Equation (8) the upper limit 
can be regarded as infinite. 
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The Integral (8) cannot be calculated in terms of elementary functions. It is important, however, that not 
the whole range of the possible values of the concentrations n, and ny, regarded as fixed parameters in Equation 
(8), is of equal significance for our problem. It was particularly stressed in the previous paper [1] that,in the 
case of symmetrical electrolytes,values above the additivity line are obtained only in the initial region of the 
Ngc = Ngc (Nyc) curve. It follows that, for the asymmetric electrolytes considered here, the same initial portion 
of the Nye = Nec (Nyc) curve is of the most interest. Therefore, to simplify the subsequent calculations, we shall 
assume that n, is infinitely small, tending to zero, and only expressions which are linear with respect to it will 
be taken into consideration in resolution. With this approximation, Equation (8) reduces to two integrals in the 


right-hand side: 


co 
h ee oe: 4 \ du 
et) V ng (ut — uur we uu, ® fe {yl 


ny C (2u3 — 2u?u) — ur, 2 + 1) 
cera Warps serra (9) 
> ns a: (ak =< ut, et 1) 


The first of the integrals in (9) is expressed in terms of a complete elliptic integral of the first kind (see 
Mathematical Supplement I) 


ce 


—.| PSEOM Te” AER. ge Waele (k) 
V ne ? (ut — wud — wuy? + 4)'le Ving (u2 + 1) ; (10) 


where the modulus k is given by the ratio 
mF ee 2up 


ae 4 
(11) 


The second integral in the right-hand side of (9) is written as the sum of three integrals 


ny ia — 2u*uy) — uu ® + 1) es 
2 V8 ? (ut — wut —u 2u,? + 1) le ‘ 
ee i ee ee (uo = 1)? ee 
= Fe el sa) EEE ite) a ES La ea a 
) V28 us —1 2Uo (us — 1) 2uo (us ++ 1) 


where 


I = du F 
+) (up uo) (u® =u?) wuss’ 


Uo 
C du 
8 7 Ge eT 
Up 0 0 0 
C du (18) 


= 


ou — ug?) [(u? — up) (v2 ug ®)P* 


The calculation of the Integrals (13) is given in Mathematical Supplement II, The final result is 


(14) 


4 if 
$8, E(o, hk) —1 ; 
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2 2 2 
u Uu Uy 


I,= p earn a eee Cee se 
ie Ty F 2 (u2 +4) Be) 2 (u2 — 1) ” ee 
ue ue u2 
I,= SS oe ee Se th 
Pic alone dcr Ga tell) f) + 2 (u2—1) (*), Sade 
where the argument ¢ is 
ue+ 1 “Ia 
p = arc tan| — oe (17) 
u — 


We substitute Equations (10-17) into (9). This gives the relationship between h and ug in explicit form. 


To determine the critical value of hg and the critical concentrations nyc and nyc, we use the Deriagin- 
Landau equation (see Equation (24) in [1]) 


oe: 


as ie 
P dh (18) 


which, in this instance, is conveniently written in the form 


h 


re ee (19) 


dug dug 


The derivative dP/duy in Equation (19) is easily found if we substitute (7) into Equation (5) for the force P. 
This gives: 
dP 


20 : 7 
es a bh (wo — 1) + ny (ug — 1° : (20) 


Determination of the derivative dh/dug involves rather more cumbersome calculations (see Mathematical 
Supplement III), which give 


dh a) 4 
dup Dme2z? © in, (u2 —1) E (k) + 
ny 


Va * (aK (F) + 038 (h) + ak (9, 8) + al (9B) + a (21) 
2 


+. 
2 


Here the coefficients a; are: 


i= Oe ee ‘ uy — Bu) + 2u4 — 8u3 — 3 
2(u4—4)@(uee ty 2 2(uA—1)8(u2@—1) 
3 3 (4,4 
ieee _ beh 8) (22) 


(4)— A) (upt 1)" "uh — 1) B+ A) 
Aug (ug + wp-+6ué+3u2 + 1) 


as = 
(ua — 1) 


We now use Equations (5), (20) and (21), and also the results of substitution of Equations (10-17) into (9), 
to obtain Equation (19), used for determination of the "critical" value of Ug in the form: 


E(k) — K (h) = f 1K (h) + bE (A) + d5F (9, &) +048 (Q, h) + Bgl, (23) 


where f = nj/ng. The coefficients bj are: 
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uy — dup -+ 24u8 — 14u4 — 12u2 — 3 
8 (ws — 1) (u2 + 4)2 ‘ 
uy + Aug — 40ug + 56u5 — 54ud + 4u® — 8u2 + 5 


b, = 


ie oe 
: 8 (uA —1)2 
eoee tg (up ++ 2up — 5) _ 2p (up — HO 4) 
(uf — 1) (W242? 4 (ué— 1! 
ee 
(uj—1)2(we+ 1) (24) 


When f = 0, Equation (23) becomes the Deriagin-Landau equation [2] 
3 
~~ E(k) — K(k) =0, od 


the root of which is kj = 0.77394, which, according to Equation (11), corresponds to Ugg = 2.1103* (Ugo is the 
value of ug when f = 0), 


When f is not zero,the solution of Equation (23) is found in the form 


Uy = Ugg + Uo1- we) 


Since we restricted ourselves from the start to infinitesimal values of f, the root ug, need only be deter- 
mined with an accuracy down to terms of the first power of f. For this, we substitute Ugg into the right-hand side, 
and Ugg + Ugy and kp + ky into the left-hand side of Equation (23), Resolution (with an accuracy down to linear 
terms) of the function K(k) and E(k) into Taylor's series gives an equation of the first degree with respect to Ug, 
(see Mathematical Supplement IV) 


K (ho) + 


E u2,—1 ud, — 10u2, + 4 
2uUg9 (us + 1) 2U0 (uso new 4) 


E | Uo, = [D (Up), (27) 


where (upp) is the ‘expression in the square brackets of the right-hand side of Equation (23), The requisite cal- 
culations give up; = 0.1379f. Thus we have the following final value for the root of Equation (23) (see Mathe - 
matical Supplement V): 


Uy = 2.1103 + 0.1379 Ff. (28) 


This root, in the form of (28) or (26), is substituted into Equations (5) and (9) [with (10-17) taken into ac- 
count], giving the “critical” values of the force P, and the distance between the plates hc. Retaining only the 
terms linear with respect to f, we have 


1)? 2(ut, —4 2,8... 952 aL 4 
aii jo oh Fee ere (29) 
uso ah Uo 
0 
he = > aT Ea pT Khe) ey B (ho) — 
Bet 2 2us, Uby — 2Uo0 — 4 an eens i} 
2 | Ty (oo) + besilaned) « @—h I (oo) — Quigg (uz, + i) I, 3 (Hoo) ; (30) 


*The calculations were performed with the aid of Stirling's interpolation formula and seven-figure tables of 
complete elliptic integrals [6]. 


147 


The "critical" concentration Nyg can now be found by substitution of (29) and (30) into Equation (22) of the 


paper [1] 


6he (31) 


(A is the constant of mutual molecular attraction). 


We do not give the analytical form of Equation (31) after substitution of (29) and (30) into it, as it is ex- 
tremely cumbersome. It is simpler to use the root (28) to perform the numerical.calculations and to substitute 
into Equation (31), instead of Pc and he, the expressions 


P. = ng0 (2.678 + 1.998 f); 


20 ' (31a) 
ne Vee (0.7540 — 0.1765 /). 
Simple calculations then give 
a+ Bf = BY n., (32) 
where 
n? Aesz3 ‘Qn 
Bae VF (33) 
Equation (33) gives the critical concentrations Ngg and Nyc 
1 ig? : at 
Noe = Br (a? + 2087); Nic = Br }. (34) 
‘At the point nyo = 0 the derivative dngo/dnj, is 
dn, dn / af 
mete taht a rcus oF 
dn, dn,./ af a oe = 0.088. (35) 


The positive sign of the derivative dngg = /dny, means that if a sol is coagulated with a mixture of two 
electrolytes of the type 1, — 2 + 2 — 2* antagonism should occur, at least in the region of low concentrations 
(relative to the critical value ng.) of the first component of this pair. 


Thus, in full agreement with the above considerations, the laws governing the coagulation of lyophobic 
sols by mixtures of electrolytes of the type 1-1+ 2-2 and 1,—2+ 2-2 respectively differ not only qualita- 
tively [3]; they are opposite to each other quantitatively. Whereas in the former case theoretical calculations 
indicate the existence of synergism,in the latter case they point to sharply pronounced antagonism.** 


It is relevant in this connection to point out that up to the present time antagonism has been regarded by 
nearly all workers as antagonism between the coagulant ions, despite the different explanations advanced for 
the effect. The results of our calculations show that this concept is essentially erroneous, Comparison of the 
results in this and the preceding [1] paper shows convincingly that the relationships observed in coagulation by 
a mixture of electrolytes can be quite different (the deviations from additivity of the coagulant action May dif- 
fer not only in magnitude but also in sign) even with the same combination of gegenions, The antagonistic ef- 
fect therefore depends on the electrolyte system as a whole, and not on any particular combination of coagulant 


*Here, as previously, the first of the electrolyte ions is assumed to be the coagulating ion, while the second 
is charged similarly to the colloid particles, 
**In fact, since the critical concentration n{, of the first ele ctrolyte is much higher (about 64 times) than 
the coagulating concentration ng¢ of the second, even a small change in the absolute value of nyo, in accordance 
with Equation (35), corresponds to a large relative increment in this value, 
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ions. The laws governing the coagulation of lyophobic sols differ significantly, depending on whether the coagu- 
lation is effected by the action of individual electrolytes or mixtures. 


While in the former case the concept of a principal (coagulating) ion and a secondary ion(with the same 
charge as the colloid particles) is fully justified, this classification of the ions is quite unfounded in the latter 
case. Indeed, the nature of the action of electrolyte mixtures on lyophobic colloids is sometimes entirely de - 
termined, as we have seen, by the valence of the ion which is usually regarded as subsidiary. The probable 
reason for this very strong influence of the valence of the “subsidiary” ion on the coagulant action of electrolyte 
mixtures is that the critical concentration of an electrolyte with a univalent coagulant ion is many times higher 
(conforming to a sixth-power law [2]) than the concentration of the second electrolyte of the pair in question. 
Accordingly, the “loosening of the electric double layer" and the "unloading effect" of the colloid particles as- 
sociated with it [5], which ultimately determine the coagulating effect of an electrolyte mixture, should de - 
pend much less on the charge of the subsidiary ion of "its own” electrolyte than on the valence of the similarly 
charged ion of the second electrolyte, present at a considerably higher concentration in the solution. It is this 
"unloading effect? caused by the subsidiary ions in the electric field of the colloid particles which is the prob- 
able cause of antagonism in a number of instances of coagulation reported in the literature [3,4], and similar 
to that considered in this paper. 


Despite the importance of this conclusion, it must be remembered that this is by no means the only cause 
of antagonism, and in all probability it is not the main cause. It must be emphasized that the results in this 
paper are based on calculations in which various adsorption effects which usually accompany coagulation and 
which undoubtedly influence the process are completely disregarded. At the same time, antagonism between 
electrolytes is often determined, as follows from our previous paper [1], by just these additional effects, 


All the foregoing considerations lead to the conclusion that antagonism in the coagulation of lyophobic 
sols is a complex phenomenon, the nature of which differs in different cases, There are apparently two types of 
antagonism in the coagulation of lyophobic colloids: 


1, Antagonism between the coagulant ions associated with competition for sites of adsorption on the sur- 
faces of the colloid particles. The higher the specific adsorption potential of the gegenion of lower valence 
added to the sol, the more pronounced should the antagonism between the coagulant electrolytes be. 


2. Antagonism caused by electrostatic interaction of the ions within the volume of the solution and in the 
electric field of the colloid particles. The greater the difference between the critical (i.e., coagulating) con- 
centrations of the two electrolytes, and the higher the valence of the "subsidiary" ion in the electrolyte with 
the weaker coagulating action, the more pronounced the "unloading effect" should be; accordingly, the coagu- 
lating action of a multivalent gegenion in the electrolyte mixture should be suppressed to a greater extent, and 
antagonism should accordingly be more pronounced. 


If, in addition to these considerations, it is also taken into account that the purely electrostatic mechan- 
ism of the coagulation process may lead to synergism in certain cases [1], the great variety of the effects ob- 
served in the coagulation of lyophobic sols by various electrolyte mixtures [7] becomes understandable. 


~ In conclusion, it is the authots’ pleasant duty to express their gratitude to Corresponding Member (AN 
SSSR) B.V. Deriagin for his interest in the work, for valuable advice, and for discussion of the results. 


Mathematical Supplements 


I, The first integral in the right-hand side of Equation (9), after the substitution u = uo/sin yg, reduces to 
a complete elliptic integral of the first kind 


[os] 
y du { eis 

ee AAR OR Riek RES GEC ere co 
\ (ut — w®uf — wus? + 1)/ Up ( 0 ) ( ) 


For the subsequent calculations it is more convenient to transform this integral, with modulus ky = us, 
into an integral with the modulus k given by Equation (11), The formula (see [8], 6. 126. 3) 


2Vk, 


JZG+a Ka ie 
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at once gives (10). 


Il. The integral Iy, as the result of the substitution 
up [(u2 + 1) + (U2 — 1) 2%] 


(u> + 1) — (u® — 1) v® (II, 1) 
reduces to the following integral 
1]Vm 4 
Je 1—m \ (1 — mv?) dv itary (11,2) 
[(1 + mPv?) (1 + v2)" 


which is the difference between the two tabulated integrals of type 3.144.1 and 3.149.1 [8]. Here m = (u2 Saijy 
(ue + 1). 


Elementary calculations then lead to the result (14). As regards the integrals I, and Ij, it is easy to see that 
they can be written as I, = Gy —u'G, and I, = G, + ug 4G», where 


i udu : 
Gul ae — uy) [(u® — uP) (uw? — ug ?)9]" ’ 
G, = emer 


3 
[(u? — a —uy ay ete 


By replacement of the variables u? —up? = z"! the first of these integrals reduces to an elementary integral; it is 


5 

are Seegs (11,4) 
4 
Uy — 1 


The second integral Gz is of the type 3.146.4 given in standard tables [8]. We give its value, as the work cited 
contains a misprint 


~ 
oun 


Ga = Tag Bo) — Ho (uo). (II, 5) 


Then, by applying the formulas for the transformation of complete elliptic integrals, namely (I,2) and for- 
mula 6.126.4 [8] 


2Viky 4 2 . 
B (PEL) = te 28 (hy) — (1 —A3) Ka), 


(II, 6) 
we readily obtain the values of I, and I, given in the text. 
III. The derivatives of the elliptic integrals with respect to ug are calculated as follows: 
dF __ OF d¢ a OF dk... dE _ dE de OE dk 
dug o dug 10K dt)’ dup Om duy Ok duo * (III, 1) 


From the values of k and ¢ in accordance with (11) and (17), and with the aid of the formulas for the dif- 
ferentiation of elliptic integrals with respect to the modulus (see 6.123 [8]), we have 


dF us — ur+ 4 
ceo Sas F 0 oe ed we 4 . 
dug Uo (uz + 4) (9, k) — iy (u2 =e 4) [E (k) E (9, k)] ~ (u2— 1) ; (III, 2) 
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Sh eek ae { 


dug pr Ug (u2 +4) [F (?, k)—~—k (9, ate) (11,3) 
dK hos uj — 1 ue +4 2 
er uo (11,4) 
ee us — 4 ; 
dug ig (ud 1) (K (4) — E(’)]; (111, 5) 


Substituting (III, 2-III,5) into (9) and taking (10-16) into account, we find, after elementary although rather labor- 
ious calculations, the value of dh/duy given in the text. 


IV. Equation (23), with an accuracy down to terms linear in f, can be written in the form 


3 
2 E (ke) —K (he) + un Ge [ FECA) —K (k)] = [@ (ug), (iv, 1) 


Ug= U9 
If we substitute Equations (III,4-III,5) into this expression and take (25) into account, we at once obtain (27), 
V. For the root Ugg = 2.1103,the numerical values of the elliptic integrals are as follows: K(k») = 1.9485; 


E(k) = 1.2990; F(@q, Ko) = 0.97424; E(@, ky) = 0.83286, 


The remaining calculations leading to (28) do not require explanation, 


SUMMARY 


1, The question of the coagulation of lyophobic sols by the action of mixtures of electrolytes has been ex- 
amined on the basis of B.V. Deriagin's theory of stability of lyophobic colloids, Calculations made earlier for 
1-1+ 2-2 mixtures of electrolytes were extended to coagulation of sols by mixtures of two electrolytes of the 
type 1,-2+ 2-2, 


2, It is shown that if a pair of electrolytes of the type 1, -2+ 2-2, with coagulant ions of different valen- 
‘ces, is added to a sol, antagonism should occur at least in the initial portion of the curve, 


3. The causes of antagonism in the coagulation of lyophobic sols by mixtures of electrolytes have been ex- 
amined, It is suggested that the nature of the antagonistic effect differs in different cases, 
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THE FORMATION OF ULTRATHIN LAYERS OF DISPERSE PHASE AT 


THE HYDRASOL-ORGANIC LIQUID INTERFACE 


T.A. Degtiareva and S.G. Mokrushin 


The spontaneous formation of thin layers on the surfaces of colloidal solutions has been described by one 
of us {1} for hydrosols of iron, chromium, and aluminum hydroxides, The hypothesis was put forward that this 
process is the consequence of surface coagulation of the sol [2]. According to Frumkin [3], the surface of an 
aqueous solution is negatively charged owing to orientation of water dipoles and preferential adsorption of an- 
ions in the surface layer. Therefore, positively charged colloidal particles in the sol, reaching the surface by 
Brownian movement, become partially discharged and diphilic, and are fixed in the surface layer. The con- 
centration of the colloidal particles in the surface layer therefore increases relative to their concentration in 
the volume of the sol, This leads to coagulation of particles in the surface layer with formation of islets, while 
no visible coagulation occurs in the volume of the sol, The islets gradually become denser and form a film in 
the form of a network, the spaces in which become filled with colloidal particles emerging on the sol surface. 
To confirm this hypothesis, the kinetics of formation of monolayer films on the surfaces of hydrosols of the hy- 
droxides of iron [4], titanium, and thorium [5] had been studied earlier, 


If the hydrosol-air interface is replaced by a hydrosol-condensed organic phase interface, the colloidal 

. particles are held more firmly in consequence of the interfacial tension at the colloidal particle -liquid surface 
[6]. Further, the organic liquid may affect the stability of the sol and favor its coagulation [7]. The present in- 
vestigation is a continuation and extension of our studies of this effect. We studied the kinetics of film forma- 
tion at interfaces between nickel hydroxide hydrosols and organic liquids in relation to the sol concentration and 
the nature of the nonaqueous phase. 


Colloidal particles of nickel hydroxides are hexagonal plates several molecular layers thick [8], and be- 
tween 280 and 1000 A in diameter [9]. The particles are positively charged (the sign of the charge was deter- 
mined by electrophoresis), and experiments have shown that the property of spontaneous formation of thin films 
is found mainly in positively charged sols. 


- The sol was prepared by peptization of freshly precipitated nickel hydroxide, by the method described in 
the literature [10]. The sol was filtered to remove unpeptized particles, diluted with boiled distilled water to 
the required concentration (0.158 g of Ni per liter), and kept for 24 hours. This was used as the stock sol for 
preparation of sols of other concentrations, The nonaqueous phases were benzene, o-xylene, toluene, chloroben- 


zene, and nitrobenzene. 


The experimental procedure was as follows: 0,5 liter of the sol was put into a glass crystallizing dish (332 
cm? area), the surface was cleaned by means of a strip of filter card, the nonaqueous phase was introduced drop- 
wise until lens-shaped droplets formed in the surface without spreading, and the dish was covered with a ground 
glass lid. After a definite time the dish was opened, the organic liquid was evaporated, and the film was trans- 
ferred from the liquid surface to a chromium -plated plate by the Langmuir -Blodgett method [11]. 


The thickness of the films was calculated by means of Mokrushin's formula [12): 


8, =3,— = hdy, 


ny 


where 6, is the thickness of a multilayer film of nickel hydroxide of a given color; 6, is the thickness of a mul- 
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Fig. 1. Effect of the organic phase on the kinetics 
of formation of a nickel hydroxide film: a) ben- 

zene; b) o-xylene; c) toluene; d) chlorobenzene; 
e) nitrobenzene; f) film at the air interface, 


TABLE 1 


Thickness of Multilayer Films of Calcium Stearate 
and Nickel Hydroxide 


Interference color of 
multilayer film 


Thickness of multilayer 


nickel 
hydroxide 


Brown 467.6 
Dark blue 912.6 
Sky blue 1358 
Yellow 1803 
Red 2249 
TABLE 2 


Effect of the Nature of the Nonaqueous Phase on 
the Formation of Films of Colloidal Nickel Hy- 
droxide 


Nonaqueous phase 


Benzene 

Toluene 55 
o-Xylene 55 
Chlorobenzene 44 
Nitrobenzene 35 


tilayer film of calcium stearate of the same color; 

n, is the refractive index of the nickel hy droxide 

film (n, = 1.614); ng is the refractive index of the 
calcium stearate film (n, = 1.471). The refractive 
index of the nickel hydroxide film was found from the 
angle of maximum polarization of light reflected 
from the film surface (Brewster's method), giving 

n, = 1.610; from measurements of the Becke line in 
the polarization microscope ny = 1.617. The average 
value of the refractive index as given by these two 
methods was used for calculations of the film thick- 
ness, 


The thickness of the multilayer films was deter- 
mined from the interference colors produced after re- 
peated immersion of a chromium -plated plate into 
the sols. From the known thickness of a multilayer 
film of a definite color and the number of layers ap- 
plied consecutively to the plate to produce this color, 
we were able to calculate the thickness of the mono- 
layer formed on the sol surface (Table 1), The thick- 
ness of the monolayer was calculated for each color, 
and the average thickness was found from the results. 


In our studies of the kinetics of formation of 
films at sol-organic liquid interfaces, the times of 
contact of the two liquid phases were 2, 4, 8, 16, 24 
and 48 hours, The results of the determinations are 
given in Figure 1, where the film thickness in A is 
plotted against the time in hours. It is clear from 
Figure 1 that the nonpolar condensed phase favors 
not only more rapid film formation, but also the 
formation of thicker films than those formed at the 
the sol-air interface. Under layers of the more polar 
liquids (chlorobenzene, nitrobenzene) the limiting 
thickness of the films is less than under layers of non- 
polar liquids. 


In addition to the thickness, the area of the 
film was measured; for this, it was first compressed 
by the “oil piston” method [11]. Castor oil (P = 16 
dynes/cm) was used as the piston liquid. The experiments 
show that the limiting film area, like the limiting thick- 
ness, is greatest under nonpolar liquid and increases with 
increasing polarity of the nonaqueous phase (Table 2), 


It is seen from the data in Table 2 that the 
nonaqueous phase assists the fixation of nickel hydrox - 


ide particles at the interface; this influence is more pronounced with increasing difference of polarity between 
the hydrosol and the nonaqueous phase, in full harmony with Rebinder's rule of equalization of polarity {13}. 


The differences between the limiting thicknesses of films formed under different organic liquids can be 
accounted for by the differences in the coagulating power of the latter. 


According to the mechanism of film formation postulated by Mokrushin, such a film is a monolayer and 
its limiting thickness should not depend on the concentration of the sol if the degree of dispersion of the sol par- 
ticles remains unchanged on dilution. To confirm this view of film structure, we studied the effect of sol con- 
centration on the kinetics of film formation. Sols of different concentrations were obtained by two-, four- and 
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eightfold dilution of the original sol. Benzene was used as the non- 


OR aqueous phase in each case. The results are given in Figure 2; it is 
100 x <a seen that the film on the original sol ceases to increase in thickness 
90 b after 8 hours of contact; with two- and fourfold dilution of the sol this 


time increases to 16 hours; the limiting film thickness is practically 


ae c the same in all cases. In this dilution range the sol concentration does 
70 peo not influence the limiting thickness of the film; it only affects the 
60 kinetics of the process. 

¢ 8 1b aghrs 


After eightfold dilution, the thickening of the film is much slow- 


Fig. 2. Effect of dilution on the er and the film does not reach its limiting thickness even after two 
kinetics of formation of a nickel days. This can be attributed to the considerable decrease in the con- 
hydroxide film: a) original sol; centration of the colloid particles in the sol after eightfold dilution. 


b) sol after twofold dilution; c) 
after fourfold dilution; d) after 
eightfold dilution, 


Since the film consists of particles formed by coagulation of the 
primary colloid particles which emerged at the interface, the thick- 
ness of a monolayer film can be regarded as one of the dimensions of 
the particles forming the film. According to our measurements, this 
thickness is 97 A under a layer of benzene. 


Comparison of this value with the value obtained by electron microscopy for the diameter of colloidal 
nickel hydroxide particles [9] indicates that our measurements gave the thickness of the particles in the film, 
and that the nickel hydroxide particles in the films are oriented with their flat sides toward the interface. 

SUMMARY 


1. The formation of a film at the hydrosol-organic liquid interface occurs as the result of passage of the 
particles from the volume of the sol to the interface, followed by coagulation and fixation in the surface layer. 


2. The limiting thickness of the film and the time required for its formation depend on the difference be - 
tween the polarities of the two liquid phases. 


3. The colloid particles in the film are oriented with their flat sides toward the interface. 
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BINDING OF WATER BY FINELY DIVIDED SEDIMENTS 


1. CALCULATION OF THE AMOUNT OF BOUND WATER FROM THE ELECTROLYTE CONCENTRATION 


IN THE EQUILIBRIUM SOLUTION 


O.I. Dmitrenko 


When finely divided sediments interact with electrolyte solutions, they adsorb molecules of the solutes 
and solvent simultaneously, The adsorption of solutes by finely divided sediments and soils has been studied 
much more fully than the adsorption of the solvent (water). 


‘It is known that the adsorption of solutes is associated with hydration and solubility effects [1, 2]. Adsorb- 
ability increases with decreasing solubility [3]. An inverse relationship between the amounts of molecularly ad- 
sorbed substances and the temperature has also been reported [1,4]. A correlation between the degree of ad- 
sorption and solubility is found not only for different salts inthe same solvent, but also for the same salt in dif- 
ferent solvents [1,5]. A direct dependence of the degree of adsorption and the concentration of the added elec- 
trolyte is characteristic for the molecular adsorption of electrolytes [6]. A very important relationship between 
the amounts of molecularly adsorbed electrolytes and the amounts of bound water in soils has also been reported 


[5]. 


It follows from these literature data that both electrolytes and nonelectrolytes are involved in molecular 
adsorption on soils. Consequently, the adsorption of sparingly soluble electrolytes, capable of replacing mole - 
cules of bound water [5], introduced into the system, will be directly dependent (under equal conditions) on the 
bound water content of the soil; this was confirmed by Iarusov [5]. Iarusov estimated the bound water content 
of soils from their hygroscopic moisture, as it had been shown by Dumanskii [7] that the bound water content 
and hygroscopicity of a soil have fairly similar values, 


The purpose of the present work was to devise a rapid and accurate method for the determination of 
bound water in natural sediments. In contrast to earlier work [8], the main condition which we attempted to 
satisfy is the retention of the structure and the natural moisture contents of the sediments. 


The materials chosen for the study were aleuritic-clay and clay finely divided sediments from the Be- 
ring Sea. These sediments, extracted by means of a hydrostatic tube from a depth of 3882 meters, have high 
contents (up to. 90%) of a pelite fraction with particles smaller than 0.01 mm, and low carbonate contents. The 
organic carbon content of the sediments varied between 0.3 and 2% (Table 1). 


Detailed chemical characteristics of these sediments have been given by Bruevich and Zaitseva [10]. 


The determination of the bound water, also known as "water of the nonsolvent volume,” was carried out, 
at S.V. Bruevich's suggestion, by the "indicator anion" (chloride ion) method, from three variables; 


1) the total moisture content of the sediments (ZH,0), determined by drying of the deposits in a thermo- 
stat at 110°; 


2) the amount of chloride leached out (Z¢q) by washing of the sediments with an electrolyte solution free 
from chloride ions; 


3) the chloride concentration in the soil solution (cc). 


The main advantage of this method is that all the analytical operations are performed on samples of nat- 
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TABLE 1 


Brief Characteristics of the Properties of the Marine Sediments 


Eh at 16°, 
in mv 


Water, as%| pH of de- 
on the dry | posits** 
material 


Sampling level* 


Deposit 
in cm: 107! 


Gray mud with brown inclu- 20-30 349.0 
sions 

Gray mud 400-410 61.5 

Gray clay 1160-1170 GS Se 
Same 1850-1860 182.2 
= 2780-2790 80.0 
a 33 24-3334 90.5 


*Tables 1 and 3 give the results of experiments on samples of the same marine se - 
diments, in the sequence given in Table 1. 

**The pH determinations were carried out directly in the deposits by means of the 
unbreakable glass electrode designed by Dmitrenko and Zhupakhina [9]. 


ural sediments with intact structure, which is very important; it can be used to calculate, in addition to the 
amount of bound water in the intermicellar liquid, also the amounts of bound water in the interlayer spaces, 
channels, and cavities of the clay mineral lattices. A great merit of this method is its high degree of accuracy; 
in parallel determinations of the bound water in sediments the variations do not exceed ~0.5% of the free water 
content (see Table 2), 


TABLE 2 


Control Experiments on the Determination of Bound Water in Marine Sediments 


_ Weight of 
moist sedi-| samples, 
ment in g 


Bound water, 
as % of 
moist 
material 


Chloride concentration 
in g per 1000 g of 


soil solu - 
tion, Cc] 


Clin mg Water content in g 


per sam- 


totals = free 


63.2 2.3 
62.3 2.6 
52.0 1.8 
51,2 2.1 


However, the theoretical basis of the proposed method is not free from certain defects. In calculations of 
the bound water from the difference between total and free water, all the errors influence a much smaller quan- 
tity, the amount of the bound water which is being found. In calculations of the amount of water occupying the 
nonsolvent volume, it is assumed that there is a sharp boundary between the nonsolvent water in immediate 
proximity of the particle, and the rest of the solution, with a certain constant electrolyte concentration. This is 
a conditional assumption, as there is no sharp boundary between the bound water and the intermicellar solution, 
The results obtained by the indicator anion method can be quite accurate only when equi-ionic (molecular) ab- 
sorption of the electrolyte containing the indicator anion is absent or reduced to a minimum. If this condition 


is satisfied, the amount of chloride leached out (cj) will not be equal to the amount of chloride present in the 
equilibrium (soil) solution, 


The value of ccj is taken into account only for that part of the soil solution in which the chloride con- 
centration is constant. If the equilibrium chloride content is nominally referred to the volume occupied by the 
free water, the chloride concentration for each system will be less than would be found if the total amount of 
chloride leached out is referred to the same volume. ; 


If this last condition is not satisfied and the colloidal particles are capable of exchanging chloride ions 


158 


and of giving up chloride adsorbed in equi-ionic (molecular) form, the total chloride leached out will be in- 
creased by an amount representing the chloride adsorbed by the particles. 


The amount of bound water, by the S.V. Bruevich method, is found from the following expression (our 
notation, O.D.) 
’ Xe (1000 — ¢, . 1,806) 10 


Co. 4H,0% 


W, = 100 
(1) 


where Yc is the amount of chloride leached out in mg; Ccj is the chloride concentration in the equilibrium 
solution; a is the weight of natural material in grams; 1.806 is the factor for converting the chloride content 
to the content of salts in sea water*; =H,0 is the total percentage of water in the moist material. 


It follows from Equation (1) that the amount of free water increases with increase of Ycl- Consequently, 
the difference between total and free water decreases, i.e., there is less bound water. A high value obtained in 
determination of cc] leads to a high value for the bound water. If the amount of free water found exceeds, by 
Equation (1), the total water in the system, taken as 100%, minus values will be found for all the bound water 
contents, This can serve as an indication of the reactivity of the given colloid, which releases the adsorbed in- 
dicator ion into the solution. 


The proposed method can be recommended for determinations of bound water in most finely divided sedi - 
ments (and also soils), if they are negatively charged and do not exchange chloride ions under natural conditions. 


EXPERIMENTAL 


The total moisture in the marine sediments was determined by drying in a thermostat at 110°, For deter- 
mination of Dc) the deposit was held for 24 hours in 0.5 N MgSO, (or NapSQ,) solution, washed by decantation, 
transferred without loss to a filter funnel, and washed for a long time on the filter with the same solution. The 
filtrate (~900 ml) was made up to 1 liter with distilled water, and its chloride content was determined (by 
Mohr's method), The total chloride contents were calculated in milligram -equivalents and in grams per kilo- 
gram of the soil solution (Table 3). 


TABLE''3 


Determination of Bound Water in Finely Divided Marine Sediments by the Indicator 
Chloride Ion Method 


cc] in g perBound water calculated | Bound water calculated by 


G fu vater 

a. a o 1000 g_ |by Bruevich method the Dmitrenko method 

oF bites hr ait a 
wea E water as % | bound oun 

2 ae a of total water, % | water in g in pe o 
=| BT aw a on the sample on the 

Ss 4 8 2 a 3 were material , material 
a as ‘a 3 MW | ( os 

| Bo a = | 8 free jbound |moisy dry poral free eae moist|dry 
ae % -|..2 
3420 108.7 | 408.0 | 19-2 (19.9 | 99:2 | 0-7 1 O05 [4.7 (238.6°) 23.4 /0.186 1" 005 4.7 
52.0 | 48.9 | 541.2 | 19.7 | 20.4 | 98.2 | 1.8 | 0.8 }4.7 | 25.4 | 25.0 (0.444 | 0.8 | 1.6 
45.6-('50.4 | 457.8 | 20.0 | 20.7 | 96.2 | 3.7 | 4.8/3.7 | 22.7 | 22.0 10.831 | 4813.6 
36.9 144.9 |352.7 | 23.4 | 24.0 | 87.9'}12.0 | 5.3 |9.7 | 46.5 | 14.6 [41.899 | 5.1 19.3 
55.0 | 40.9 | 451.6 | 20.5 | 24.2 | 94.0 | 6.0 | 2.4 | 4.4 | 22.5 | 21.2 |1.303 | 2.3 | 4.0 
47.6 |39.41 | 392.7 | 24.3 | 22.4 | 94.6 | 5.3 | 2.0 |3.4 | 18.6 [17.7 |0.934 | 1.9 }3,2 


All the chloride determinations in the solutions pressed out of the samples were carried out in duplicate 
with an interval of two weeks. We observed that samples of the solutions carefully protected against evapora - 


*Instead of the expression (1000 — ccj° 1.806) we have, for the general case; 1000 — X¢, where x, is the total 


of all the mineral salts in the system. 
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tion and access of atmospheric CO, nevertheless developed slight turbidity owing to deposition of carbonate crys~ 
tals and precipitation of ferric and manganese sesquioxides. However, the differences between duplicate deter - 
minations in most cases were very slight, not in excess of 0.04% chloride on the average, which is quite permis- 
sible, 

We calculated the bound water contents of samples of gray marine clays (by the Bruevich method) by 
means of Equation (1) as percentages of total water, and (by the Dmitrenko method) as percentages of the ab- 
solute ly dry material. The second version differs from the classical method, as our reasoning was based on the 
concept of the molecular capacities of finely divided sediments. 


The generally accepted basis is that bound water is the term applicable to the layers of water adjacent 
to the surface of a colloidal particle and consisting of regularly oriented molecules, However, it is not possible 
to draw a definite boundary between bound water (the structure of which approximates to the structure of ice 
[11]), and the loosely packed layers of water at some distance from the particle, or a boundary between the 
loosely bound water and the intermicellar liquid. 


These concepts are somewhat one -sided, as they ignore the water which impregnates the colloidal particle 
and fills its pores if the particle is in a hydrogel, and the water present in the form of so-called free water in 
mineral masses (in the cavities of the crystal lattices, in the channels, and in the interlayer spaces of the crys- 
tals) if the particle is in a colloidally disperse mineral, In our opinion, neither of these forms can be segregated 
from the external layers of water bound by the colloidal particles. Thus, if the surface of the colloid is regarded 
as a certain boundary; the zone in which bound water is present extends on both sides of it, into the intermicel- 
lar solution and into the colloidal micelle. 


In the light of these views we may assume that in the efflorescence of a crystal or in its interaction with 
various salt solutions the molecules of bound water may be replaced*by salt molecules, The "growth" of.a col- 
loidal micelle can probably proceed with equal probability both by orientation of salt molecules in aqueous salt 
solutions, and by orientation of water molecules. The oriented layers of the salt or water molecules in a sense 
supplement the crystal lattices and acquire a structure approximating to the structure of the adsorbents them - 
selves [11]. It is therefore desirable to verify experimentally the existence of salt layers "bound" by the colloid- 
al particles, i.e., of molecularly adsorbed electrolytes, Here we introduce the concept of the molecular capa- 
city of finely divided sediments, denoted by Zyy. In our view, the molecular capacity is determined by multi- 
molecular layers retained by the solid particles, the sum of the molecules of bound water and of the adsorbed 
electrolyte being constant. 


It does not follow, however, that when water molecules are displaced by an electrolyte all the sites can 
be occupied by electrolyte molecules. When a finely divided deposit (such as a marine clay) interacts with an 
electrolyte solution, part of the electrolyte (depending on its concentration) is adsorbed in the form of whole 
molecules (displacing the adsorbed water) and part will be present in the salt solution permeating the clay. 
Therefore, the free fraction of the electrolyte molecules can be expressed as the difference DM — Mads, where 


=M is the total electrolyte content of the clay and Mags is the amount present in the molecularly adsorbed 
state, 


The active part of the water, i.e., the free water dissolving the electrolytes, is expressed as the difference 
ZH,0 ~ H20p, where Xy,0 is the total water, and H,Op is the bound water in the clay. The concentration of 
electrolyte in the intermicellar (soil) solution (c), i.e., the amount of salt in grams in a definite amount of 
water, is given by the expression 

c= ——_>_—_ 


It follows from Equation (2) that the distribution of electrolyte and water molecules adsorbed by the col- 
loidal particles can be estimated if the concentration of electrolyte in the soil solution is known. Here, accord- 
ing to our hypothesis, the sum of the bound water and’electrolyte molecules is constant for a given system 


H2Op + Mads = EM = const, (3) 


If c and £m are known, Equations (2) and (3) give the required values of Mg qs and HO, Therefore, the 
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object of the investigation should be to determine the molecular capacities of finely dispersed sediments (=m). 


If this value is not known, the bound water content of a colloidal sediment can be determined only with a 
certain degree of error, by arbitrarily assuming that Mags = 0; the bound water content is then given by the 
equation 


H,O4 = “H,0 es a Xe} ’ C, (4) 


where HyOp and Xy,0 are in grams in the sample, Yc is in milligrams in the sample, and c is the electrolyte 
concentration in the soil solution in grams per 1000 g of water. 


Rearrangement of Equations (4) and (2) gives for the adsorption of chloride 


c¢ => SS _——_.. 


Assuming in Equation (5) that Clags = 0, we have 


. Xo 
24,0 a. H20p : (6) 
where Yo corresponds to YM [Equation (2)]. 
Rearrangement of Equation (6) gives 
cLy,9 — Loy Xo 
H,O; = gexster Waceihe tin) uaa ae (7) 


It is seen that Equation (7) is identical with Equation (4).* 


Table 3 gives the complete calculations of the bound water contents, determined by the two methods de - 
scribed above, of samples taken at various levels from the sediments of the Bering Sea. 


These results show that our concepts of the molecular capacity of finely divided deposits can be verified 
by the classical method for the calculation of bound water; the results obtained by the two methods coincide 
if equi-ionic (molecular) adsorption of the electrolyte of which the indicator anion is a component is absent or 
reduced to a minimum. 


On the basis of our investigation it is possible to recommend the "indicator anion" (chloride ion) method 
for determinations of bound water in finely dispersed sediments; soils, marine sediments, lake muds, and organ-. 
ic and organomineral components of soils. 


SUMMARY 


1, Intermicellar solutions in contact with the colloidal particles in finely divided deposits are not homo- 
geneous, but have structural elements. 


2. The “growth” of a colloidal micelle in an aqueous solution, by our theory, may take place with equal 
probability either by adsorption of salt molecules or by binding of water dipoles, the distribution of which be - 
tween the solid and liquid phases can be estimated if the electrolyte concentration in the intermicellar solution 
(soil solution, ground and mud water) is known. It must be taken into consideration that the sum of the bound 
water and electrolyte molecules (yn) is probably a constant quantity for a given system. 


3. The classical method for calculation of bound water, and the method described in this paper, can be 
used if the equi-ionic (molecular) adsorption of the electrolyte of which the indicator anion is a component is 
absent or reduced to a minimum, 


*The calculated amounts of bound water should more correctly be expressed as percentages on the weight of 
the dry material. 
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4, The results of the calculations show that Equations (1) and (7) may be used for determination of bound 
water in sediments;it is more correct to calculate the bound water relative to the dry material in the sediment 
[Equation (7)]. 
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THE SURFACE TENSION OF DISPERSE SYSTEMS 


S.N. Zadumkin 


Several experimental facts indicate that the surface tension is greater in small than in large drops and 
crystals, It has been found, for example, that the evaporation rate of substances of low volatility (mercury drops, 
solid particles, etc.) increases sharply with increasing dispersion. The boiling point of water condensed in mi- 
cropores depends on the pore size. It was shown [1] that for pores greater than 10 A in radius the boiling point 
of water agrees with the value calculated from the Kelvin equation, while for finer pores the calculated values 
differ appreciably from the experimental results. Shereshefsky [2] found that the surface tension of a liquid, de- 
termined from the rise in narrow capillaries, depends on the diameter of the latter. Gorbachev [3,4] was the 
first to give a theoretical explanation of the dependence of the surface tension of a liquid on the radius of cur- 
vature of the interface, On the assumptions that each particle on the surface of a small droplet is more defi- 
cient in nearest neighbors than a particle on a plane surface, and that the surface tension must be directly pro- 
portional to the number of missing neighbors of a particle on the liquid surface, Gorbachev derived the follow- 
ing expression for the surface tension of small spherical liquid droplets 


where og is the surface tension of a plane liquid surface; pry is the radius of molecular action; r is the radius 
of the droplet; K is an empirical constant which depends on the nature of the liquid. 


Equations analogous to (1) were subsequently derived by other workers on the basis of different considera - 
tions, 


Martynov [5], on the assumption that the volume of a liquid varies with its dispersity (as the density of a 
substance in the surface layer differs from its density in the volume), used known thermodynamic relationships 
to derive the equation 


(2) 


atts r 
tora tAs | 

where A = 1—D/D9; Dp is the density of the volume phase; D is the average density of the intermediate over 
its thickness 6. ™ 

Resolution of Equation (2) into series by powers of 2A6/r (when 2A5 < r) gives an equation analogous to 
(1). 

We have shown that the surface tension of metals [6,7] and the surface energy of ionic crystals of the 
NaCl type [8] are, in the first approximation, directly proportional to the relative number of missing nearest 
neighbors of the particles in the surface. For example, in the paper [7] the surface tension of a metal is con- 


sidered in the light of an ion-electronic polar model of the metal. The surface tension is defined as the excess 
free energy of unit surface of the metal at the boundary with vacuum 


0 = ta (F,y— F's), (3) 
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where n, is the number of particles per unit surface area; Fy and F, is the free energy of one particle within the 


metal and on the surface respectively. 


The free energy of vibration of the particle on the metal surface, Fs, is calculated as follows. The vibra - 
tion of an ion within the metal is regarded as fyy/2 partial linear vibrations of average frequency v, the total 
free energy of which is Fy, where fy is the coordination number of the cation with respect to the "anion" in 
our polar model of the metal[7]. Then, evidently, a particle on the metal surface will have fy.5/2 tangential 
vibrations of frequency v and Af partial vibrations with half-broken 
bonds, and therefore of average frequency v/ 2, where fg is the co- 
ordination number of the cation with respect to the “anion” in the 
plane network, and Af is the number of missing nearest “anions” of a 
cation at the metal surface. 


On the basis of these considerations, we have 


F , 
Fc eh dine Me (4) 
Vien Tey 


where Ft, is the vibrational free energy which a particle would have 
within the metal if its average vibrational frequency was v / ¥2. For 
the Einstein model of a solid at kT > hv, we have, as is known, 


kT 
F, = —3kT n—_ + Ey, fee 
Variation of o with the average FOS apr kT a 
curvature of the interface. Ss, 3RT In hy V2 + Eo. (6) 


Substitution of Equation (6) into (4) and also (5) into (3) gives 
o=— ny! [8k In2—2(E,—E,))- (7) 


Similar considerations have been given in the derivation of an equation for o for alkali halide crystals [8]. 
It follows that, in our view, Gorbachev's basic assumption in the derivation of Equation (1) is correct. Gorba- 
chev's equation can be easily extended to the case when the average curvature of the interface is C = 1/ry + 
+ 1/to, where r, and ry are the radii of curvature of mutually perpendicular normal cross. sections. 


Let the plane of the diagram (see figure) represent one of the normal sections of the interface. By simple 
calculations we find the distance hy from the plane z = 0 to the point of intersection of the sphere with radius 
Py With the circumference with radius 1; hy = pf,/2r, and, analogously, for another section h, = p%,/2rp. 
Therefore the volume enclosed by the plane z = 0, the sphere of radius pm, and the interface when py, « ry 
and pm « 1 is approximately Av = /,1p4,(1/r, + 1/r,) and therefore 


While: (4 Mio) pawy: (8) 


However, in order to obtain agreement between the calculated and the experimental values of o we in- 
troduce a certain constant K into Equation (8) in place of the coefficient °/4,., as was done by Gorbachev [4]. 
The value of K must be found experimentally, and depends on the nature of the liquid. 


Equation (9) then correctly represents the relationship between o and the curvature of the interface: 


= o9(1 + Ko,,C). (9) 


It is known that the surface energy varies for different faces of a crystal. In a highly disperse crystalline 
phase a relatively large number of particles are present at corners and edges of individual crystals, and these 
particles differ in their free energy contents from the surface particles. Therefore, for small crystals, we can 
only speak of some average value of the surface energy, which naturally depends on the size of the crystals. 
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Let us establish this relationship for ionic crystals of the NaCl type. It was shown by x-ray analysis of fine - 
ly divided rock salt with specific surface S = 10-15 m*/g [9] that finely divided NaCl consists mainly of cubes, 
i.e., the subdivision occurs along the (100) cleavage planes. If the length of the edge of such a cube is 1, each 
cube evidently contains 8 particles at the corners, 12 (1 /a — 1) particles along the edges, and 6(l/a — 1; par - 
ticles lying whoily in the (100) planes, where a is half the lattice constant. 


As the excess free surface energy per particle [6-8] is directly proportional to the number of missing near- 
est neighbors, the corner, edge, and surface particles have the following respective free energies: 3a Af, 2a Af, 
and a Af, where o is a quantity independent of Af, the number of deficient neighbors of the opposite sign of an 
ion in the (100) face. 


The total excess free surface energy of a cube of edge 1 is 
W = 6aAf(1 + —). (10) 
For the average surface energy o = W/61? when I >> a we have 
c= S100 (4 + 2-1) ; (11) 
where O49 is the surface tension for the (100) face. Equation (11) may be written in the form 


os a(1+K-+), (12) 


where K is a constant which must be regarded as being dependent only on the nature of the substance if o is co- 
ordinated with experimental data, as in Equations (1) and (9). 


We may note that Equations (1), (9), and (12) can be written in exactly the same form 


¢=¢,(1 + BS), Ge 
where S is the dispersity (em*/g) and B is a constant which differs for different substances; B = = Pmk for 
small spherical droplets and B = oak for fine crystals; D is the density of the substance. If K is assumed to be 


2, then, by Equation (13), the deviation of o from 0499 for NaCl will be several percent at a dispersity of 100 m?/g, 


SUMMARY 


- 1. S.V. Gorbachev's equation for the surface tension of small spherical droplets as a function of the radius 
has been extended to more complex configurations, when the interface is characterized by an average curvature. 


2. The surface tension of disperse systems (small droplets, crystals, etc.) is a linear function of their spe - 

cific surface. 
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GELATINIZED EMULSIONS 


15. LIMITING-CONCENTRATION EMULSIONS OF PARAFFIN WAX IN WATER. 


STRUCTURE OF PROTECTIVE LAYERS. 


L.Ila. Kremnev and A.I. Perelygina 


The introduction of small amounts of water-repellent substances, and,in particular, paraffin wax, into 
paper pulp makes the paper considerably more waterproof and improves other properties. Paraffin wax emul- 
sions have been studied by numerous workers [1]. The technological process for the production of paraffin wax 
emulsions developed by Perelygina [2] has been adopted in one paper mill [2]. Wider utilization of paraffin 
wax in the paper industry is prevented by the inadequacy of the available information on the preparation con- 
ditions and properties of stable wax emulsions; the present investigation was undertaken for this reason. 


The emulsions were prepared by Kremnev's method [3]. The emulsification was carried out in a thermo- 
stat, usually at 75 + 2°. A measuring cylinder containing pieces of the wax, the volume of which was recorded 
after it melted, was placed in the thermostat. A known volume of stabilizer solution contained in a second 
cylinder in the thermostat was foamed by means of a spiral for 1 minute. The molten wax was then introduced 
into this cylinder, with a to and fro movement of the spiral, dropwise at first, and then in a thin stream, with a 
_ gradual increase of the stroke of the spiral with the height of the emulsion column formed. The addition of 
wax was continued until a limiting-concentration emulsion was formed, i.e., until the last addition of about 
0.5 ml was no longer emulsified. 


The limiting-concentration emulsions were diluted with 5% gelatin solution and examined under the mi- 
croscope with a x60 objective and a x17 eyepiece. The sizes of the droplets were measured with the aid of a 
micrometer eyepiece with 1.9y scale divisions. The droplets were fractionated over narrow ranges of diameter. 
At least 1000 droplets were counted for each emulsion to ensure reliable results. The results were used to plot 
differential droplet size distribution curves, 


The emulsions were stabilized with sodium stearate, gelatin, and mixtures of these. Sodium stearate was 
made by saponification of the acid with caustic soda (Stearate I) or borax (Stearate II). The emulsions were 
made with the use of "acid" soaps containing 70% of the alkali theoretically required to neutralize the fatty 
acid. According to our findings, both limiting-concentration and less concentrated emulsions have the highest 
stability under these conditions, and confer good waterproof qualities on the paper. 


Stable emulsions of paraffin wax can only be obtained with the aid of aqueous highly concentrated solu- 
tions of stabilizers. 


The dispersity of limiting-concentration emulsions in water in presence of gelatin as stabilizer is fairly 
high; this is illustrated in Figure 1,a. The distribution curves for emulsions of paraffin wax in presence of 
Stearates I and II as stabilizers are similar in character. The maximum on the distribution curves corresponds 
to a droplet size of about 1y (Figure 1) for all the emulsions, both with individual and with mixed stabilizers, 
and for all the concentrations studied. This very small particle size is also characteristic of the water-in-oil 
and oil-in-water emulsions studied earlier [4]; it is substantiated by kinetic analysis of the principal processes 
leading to the formation of stable emulsions [5]. 


Figure 1,b gives distribution curves for limiting-concentration emulsions with a mixture of Stearate II and 
gelatin as stabilizer (the distribution curves for emulsions containing a mixture of gelatin and Stearate I are 
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Fig. 1. Differential droplet size distribution curves for limiting-concentration emul- 
sions of paraffin wax in water; a) stabilized with gelatin; b) stabilized with a mixture 
of Stearate II and gelatin. 


similar to these), Mixed stabilizers give a somewhat higher dispersity than individual stabilizers. 


The dispersity of the emulsions changes little with increase of the temperature of emulsification from 60 
to 90°, The maximum on the distribution curves remains unchanged at the same very small droplet-size. 


The results of the dispersion analysis were used to determine the characteristics of the protective layers in 
the limiting-concentration emulsions. The following were calculated: the surface area Sgy per 1 ml of disper- 
sion medium at different concentrations of the stabilizer, the layer thickness Sorjt under the same conditions, 
and the surface area Sp per stabilizer molecule in the interface. The results of these calculations for emulsions 
with stearates, gelatin, and a mixture of Stearate II with gelatin, are given in the table. 


Characteristics of Protective Layers in Limiting -Concentration Emulsions Containing Stearates, Gelatin, and a 
Mixture of Stearate II with Gelatin 


Emulsifier Emulsifier Se, im Scrit in p 
concentra - 


tion in 
wt. % 


Stearate I 


Stearate II 


Ge latin 


Mixture of Stearate II and 
gelatin 


These results show that the limiting surface area S,) of the protective layers increases with increasing 
concentration of soap in the water, and reaches a practically constant value at high concentrations, At yet 
higher concentrations (not given in the table) Sg) decreases, probably because not enough water is available for 
the formation of protective layers. The emulsifying power, as represented by the highest value of Sg, de- 
creases considerably with increase of temperature [4]. There is a corresponding considerable increase in the 
thickness 5¢;jt of the protective layers preventing coalescence of the droplets. 


In this connection special interest attaches to data on the area Sy per soap molecule in the liquid inter- 
face. If we assume that all the soap is concentrated in the droplet surfaces, then Sy is 4-7 A*, The cross sec- 
tion of a carboxyl group in a fatty acid molecule has an area of ~20 A*. However, the polar groups of the soap 
molecules are hydrated and their hydrocarbon chains are simultaneously solvated in the adsorption layers at the 
interface between the two liquids; this is shown by the results of determinations of the heats of hydration and 
solvation of alkali soaps (both-dry, and previously hydrated or solvated with a nonpolar liquid) [6]. Owing to 
the interaction of the soap molecule with both liquids in the interface, the area per molecule in the adsorption. 
layer is considerably higher [7]. 


In the light of the foregoing there is no doubt that the protective layers on the droplets in paraffin wax 
emulsions are multimolecular. This is a very important conclusion, as it solves the question of the principal 
factors which determine the stability of paraffin wax emulsions. It is known [4] that oil-in-water and water- 
in-oil emulsions of limiting-concentration containing alkali soaps are stabilized, at room temperature, by uni- 
molecular or even thinner adsorption layers. At higher temperatures stabilization of emulsions by monolayers 
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becomes impossible. This is probably caused by the disorienting influence of thermal motion on the protective 


layers. 


In accordance with Rebinder's theory [8], such multimolecular protective layers should be regarded as gel 
films with high anomalous viscosity and mechanical strength. In fact, concentrated solutions of the individual 
and mixed stabilizers in question have structural viscosity and high thixotropy; in consequence, the space struc- 
tures broken down during emulsification are rapidly restored and extremely small droplets are stabilized. 


The table also gives the results obtained by emulsification of paraffin wax with the aid of gelatin, the 
emulsifying power (Sg) of which is low, about 5 m?, Correspondingly the protective layer thickness 6 ¢yj¢ be- 
comes considerable, of the order of 0.2. 


It is known [9] that the thickness of films of isoelectric gelatin on a mercury surface is ~7 A. The thick- 
ness 6 of dry gelatin films in limiting-concentration paraffin wax emulsions is 130-300 A, according to concen- 
tration (see table), Evidently at higher temperatures gelatin also stabilizes the emulsions by forming multi - 
molecular layers, i.e., gel films with high structural-mechanical strength. This explains why at high tempera - 
tures the emulsions can be stabilized only by highly concentrated solutions of the stabilizers. As the table shows, 
the characteristics of the protective layers do not undergo any important changes with the use of mixtures of 
stabilizers. 


Limiting-concentration emulsions of paraffin wax, obtained with the use of stabilizers at high concentra - 
tions, can be diluted with water to. give less concentrated emulsions which are aggregatively and sedimentation- 
ally stable. To prevent phase separation, the dilution should be performed in two stages: 1) at the end of emul- 
sification, with continuing movement of the spiral, an equal volume of water heated to the temperature of the 
limiting-concentration emulsion is added to the latter; 2) the emulsion is allowed to cool naturally to 30-35’, 
and water warmed to this temperature is added to the desired dilution. 


The diluted emulsions of paraffin wax stabilized with gelatin or with a mixture of Stearate II and gelatin 
ensure good sizing of the paper. 
SUMMARY 


1, Limiting -concentration emulsions of paraffin wax in water, stabilized with sodium stearate, gelatin, 
and mixtures of these, have been prepared, 


2. The paraffin wax emulsions are highly disperse systems. The maximum on the size distribution curves 
corresponds in all cases to droplets about ly in size. 


3. The emulsifying power of the stabilizers studied, expressed in terms of the maximum surface area of 
the protective layers per 1 ml of the dispersion medium, increases with increasing concentration of the stabilizer 
up to a certain limit, 


4, The paraffin wax emulsions are stabilized by multimolecular protective layers which consist of gel 
films with strongly pronounced structural-mechanical properties. 


5. The limiting-strength emulsions of paraffin wax can be diluted with water, The diluted emulsions en- 
sure a high degree of sizing of the paper and can be recommended for industrial use. 
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EFFECT OF THE STRUCTURE OF CERTAIN SURFACE-ACTIVE SUBSTANCES 


ON THE FOAMING OF AQUEOUS GELATIN SOLUTIONS 


SoM TeV and O-K. Smirnov 


The mechanism of foaming and emulsification has been studied in detail in a number of investigations 
[1-3]. It follows from these investigations that the formation of stable foams and emulsions occurs in presence 
of surface -active substances adsorbed at the interfaces, The foam stability is primarily determined by the struc- 
tural and mechanical properties of the surface layers of the disperse medium, i.e., of the two-sided films in the 
foam [1, 4]. 


It is known that there is a definite correlation between the structure and surface activity of surface -active 
substances; this is exemplified by the Du Claux-Traube rule. Dervichian and Lachampt [5] put forward certain 
considerations of the influence of the structure of surface -active substances on their wetting, emulsifying and 
foaming properties. 


Several authors [6-9] studied the influence of individual factors on the foaming properties of certain sur- 
face-active substances, but the influence of the structure of surface-active substances on foaming is not con- 
sidered in any of these papers, This led us to study the relationships between the structure of certain surface - 
active substances and the foaming power of aqueous gelatin solutions containing these compounds. Certain 
derivatives of alkylphosphonic and alkenylsuccinic acids were chosen for the investigation. 


For the investigation of foaming properties, several groups of surface -active substances were specially syn- 
thesized, with systematic variations of the nonpolar hydrocarbon radicals or of the polar parts of the compounds, 
The following groups of surface -active compounds were used: 


a) Salts of alkylphosphonic and alkenyIsuccinic acids: 


ONa 
, 
I. CpHonti — ite O; IIL. CyHyn—1 —- CHCOONa. 
ONa CH,COONa 


b) Esters (K salts) of alkylphosphonic and alkenylsuccinic acids (with mono- and polyhydric alcohols) 


OR 
is 

III. CpHonty—P. = 0; —1V. CaHan—y — CHCOOR. 
‘ox CH,COOK 


c) Polyglycerides of alkylphosphonic and alkenylsuccinic acids 


0(CH,CHOHCH,0)m__,CH,CHOHCH,OH, 
v. CnHon iP = fo) 
OK 
VI. CypHon—1 — CHCO0(CH,CHOHCH,0),,_ ;CH,CHOHCH,OH 
CH,COO(CH,CHOHCH,0)_;CH,CHOHCH,OH. 


These derivatives of alkylphosphonic and alkenylsuccinic acids were prepared by saponification (Groups I 
and II) (10, 11], esterification (Groups III and IV) [12, 13], or polyesterification (Groups V and VI) [16] of anhy - 
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TABLE 1 TABLE 2 


Disodium Salts (I and II) Esters of Alkylphosphonic Acids (III) 
t | K t, C.—C, 
Cn (min) cf (min) as j 
| aca Gas (min) 
Gelatin solu-| 4.3 | 4.1 | 72 
ite Gelatin solution = ake we ; 
i —CH,CH,CH,OH : : : 
Alkylphosphonic acids ~ CHICH,CH,CH,OH 1.0 23 140 
Ce 4 2.3) 4.9 —CH,CH,OCH,CH,OH | 2.75. | 2.3 [31.6 
C; 4.5 | 41.5) 30 —CH,CH,CH2CH, Foam not formed* 
Ce 2 4 72 —CH;CH(C;H;)(CH2)3CHs | Foam not formed* 
Cie 1.9 9 210 
Cy6 1.5 | 24 210 
Cis 2.0 | 49 240 ee f 
Cg — Cg 4.0 1.8] 34 *Foam not formed with Cyp —C yp. 
Ce—Cig Zao 4 60 
Cg—Cjq 3 4 60 
Co—Cr1 a 3 pe drides of the corresponding acids or certain mixtures of them (Groups 
Alkenylsuccinic acids VII, VIII) prepared by known methods [14, 15]. 
— 5 0.6 8.5 
ae | ni | 2 | 90 VIII. CnHon—1 GHCO 
VAI. CyHgn 44P02; 
CH,CO 


In order to obtain branched nonpolar hydrocarbon chains in the molecules of the surface-active substances, 
saturated hydrocarbons and their mixtures (synthines) [10] were used in the former case, and certain mixtures of 
"polymer distillate" olefins [11] inthe second, for synthesis of the corresponding acid anhydrides, 


The total length of the hydrocarbon chains in the molecules of the surface -active substances was deter- 
mined by the number of carbon atoms (Cp) in the original hydrocarbons, The length of the polar, polyglyceride 
portion in polyesters was determined by the number of glycerol molecules (m) involved in the polyesterification 
of the acid anhydrides. 


For determination of the foaming properties, a current of air was passed under a pressure of 80 mm Hg 
through a No, 4 schott filter [16] into 6% aqueous gelatin solution at 35°. The surface-active substances were 
added to this solution, in the form of 0.1 M aqueous solutions (10 ml/liter). The foaming power of the solutions 
was characterized by the following values: 


1, The time required to fill a cylinder 500 ml in volume with a mixture of foam and liquid (ty. minutes), 


2. The volume ratio of the foam to the liquid phase when the cylinder was filled — the "foam coefficient" 
(Kf). 


3. The disappearance time of the foam up to the formation of a mirror surface on the liquid (t, minutes). 


The experimental data obtained in determinations of the foaming power of gelatin solutions containing 
surface -active substances of different structure are given in Tables 1-6, 


TABLE 3 


Esters of Alkenylsuccinic Acids and Monohydric Alcohols (IV) 


— 
C,—Cyy Cig sas Cro Cre 


sia Kf beri unin K¢ t,(min) | ¢,(min)} K¢ coin 
Sa ena? Renee! ONES MUNN Nea! Moen MEETS ao Te 


R 


Gelatin solution Zso cOe 18 PR Bn et (0) 18 PR! 9.0 48 
—CoHs Ui 16 | 14 0.82 21 Foam not formed 
—CyHy 3.6 | 1-3 | 25 | Foam not formed _ 
—C,Hy, Foam not formed _ 
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TABLE 4 


Esters of Alkenylsuccinic Acids and Glycols (IV) 
ee eee EE eee ee eit errs POs Py a ie at 


R 


Gelatin solution 
—CH,CH,OH 
—CH,CH2,0CHs, 
—CH:CH,OCH»CH,OH 
—CH,CH,0CH.CH.OCHs 


TABLE 5 


Esters of Alkylphosphonic and Al- 
kenylsuccinic Acids and Glycerol 
(Ill and IV) 


Cy 
Sony solu - 5 55 | 12 
Alkylphosphonic acids 
Cy—C, 4.5 | 3.5 8 
7 2.9 —_ 8 
Cy—Cy 3 4 6.5 
Cy—Cy 3.5 | 4.5 90 
Cip+Cyy 3.5 | 2.3 90 
18 9 0.67 | 240 
Alkenylsuccinic acids 
Cs—Cy 2.5 | 3.5 | 235 
Ci2—Ci¢ 3.3 | 4.0 | 260 


. eta Kf | t, (min) 


Cys—Cig Cys 
t:(min)| Xf | ts(min)} t4.(min)| *f | ts(min) 
2.3 9.0 18 22 9.0 18 
2 4.0 240 2.20 1.85 2145 
3 2:3 85 3 4.5 40 
5 30 180 4 3.0 160 
ao 4.0 55 Foam not formed 


It follows from these experimental results that surface -active 
substances of different molecular structure have different effects on 
the foaming of gelatin solutions. In some cases the surface -active 
substances increase the stability and durability of foams, and in others 
they decrease considerably or completely prevent foaming, i.e., they 
have foam-breaking properties. For example, the foam-breaking 
properties of salts and monoglycerides of alkylphosphonic and alkenyl- 
succinic acids diminish with increasing length of the hydrophobic radi - 
cal, 


The salts and monoglycerides which act as foam breakers in 
gelatin solutions when the radical length is less than Cg, confer better 
foaming properties on these solutions with increasing length of the al- 
kyl chain. Foam formation is more rapid in presence of alkylphos- 
phonic acid monoglycerides than in pure gelatin solutions. However, 
esters of alkenylsuccinic acids and monohydric alcohols decrease 
foaming of gelatin solutions with increasing length both of the hydro- 
carbon radicals of the original acid and of the alcohol. These esters, 
with not less than 16 carbon atoms in the sum of the acid and alcohol 
hydrocarbon radicals, make gelatin solutions incapable of foaming 
and act as foam breakers in such solutions, 


Esters of alkylphosphonic acids and monohydric alcohols have a similar foam -breaking effect. With gly- 
cols in place of the monohydric alcohols the esters have foaming power. This is probably because of the pres- 
ence of terminal polar hydroxy! groups in the molecules of glycol esters. 


TABLE 6 


Polyglycerides of Alkylphosphonic and Alkenylsuccinic Acids (V and VI) 


Cn 


Gelatin solu- 
tion 


Alkylphosphonic acids 


C. — Cy 3 
The same 

» a2 

» 16 

Cy — Cy 8 

The same ie 

» 20 


2.3 | sig 18.0 


WwW NMMNMhL 
wow onwwud 


m cna Kf 


or 


t,(min) Ch m {t,(tnin) 


Kf J-onia 


Alkylphosphonic acids 


Cyy — Cie 6 | 2.5 1,9 | 330 
The same | 12 | 3.5 2.3 | 360 
» 16 | 2.5 4.0 | 180 
4,0 | 82,0 » Zo” | 42 9.0} 98 
9.0 | 28,3 » 30 | 1.6 5.4} 80 
9.0 | 31,6 » Umi ine: a ee a ae | 
19.0 | 12,0 
4.9 1145 Alkenylsuccinic acids 
2.3 {140 Cg — Cy 4 | 7.0 0.4 | 188 
4.5 | 47,0 || Ciz—Cie 4 | 3.2 4.0 | 250 
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The polyglycerides of alkylphosphonic and alkenylsuccinic acids are also devoid of foam-breaking action 
on aqueous gelatin solutions, The foaming power increases with increasing length of the hydrocarbon chain of 
the polyesters for a given length of the polyglyceride chain. At the same time, polyglycerides of alkylphosphonic 
acids decrease the stability of gelatin foams with increase of the length of the polar polyglyceride chain (Table 6). 


On the basis of these experimental results, these groups of alkylphosphonic and alkenylsuccinic acid deri - 
vatives can be arranged in the following series of decreasing foam-breaking power in aqueous gelatin solutions: 


Esters of monohy - Disodium salts Glycerol esters Poly glycerides 
dric alcohols —~> (foam not formed——> (foam not formed —> (foam formers) 
(foam not formed) when R < Cg—Cy4o) when R =Cg, 

m = 1) 


where R is the hydrocarbon radical, and m is the number of glycerol molecules. 


These results lead to the conclusion that changes in the structure of surface -active agents influence the 
structural bonds which determine foam stability. Compounds which suppress foaming by adsorption in gelatin 
solutions break down the bonds between the gelatin molecules, thereby weakening the foam films. 


SUMMARY 


1. The influence of the structure of surface -active substances — salts, esters, and polyglycerides of alkyl- 
phosphonic and alkenylsuccinic acids — on the foaming of aqueous gelatin solutions has been studied. 


2. The surface -active substances form the following series in order of increasing foaming power: 


Esters of monohy - Disodium salts Glycerol esters Polyglycerides 
dric alcohols ——> (foam not formed—-» (foam not formed —» (foam formers) 
(foam not formed) when R = Cg—C 9) when R =Cg, 
m = 1) 
N.I. Grineva, A.I. Rybnikova and T,K. Stepanova took part in the experimental work. 
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THE STRUCTURAL AND MECHANICAL PROPERTIES OF CLAY SUSPENSIONS 
USED IN DIFFICULT DRILLING CONDITIONS 


A.K. Miskarli and T.G. Gasanova 


Investigations of the structural and mechanical properties of clay suspensions are very important for eluci- 
dation of the mechanism and the principal laws governing thixotropic structure formation. A knowledge of these 
properties is necessary for evaluation of the most important technological properties of drilling suspensions, 
which influence to a considerable extent the rate of sinking of oil and gas wells in the difficult geological con- 
ditions in the south of our country, especially in turbine. drilling. 


The structural and mechanical properties of clay suspensions have been studied in detail by the P.A. Re- 
binder school, As the result of the physicochemical researches of Zhigach, Serb-Serbina, and their associates, 
and also of foreign scientists [1-3], the mechanism of thixotropic structure formation and the laws governing the 
mechanical properties of drilling muds have been largely clarified. The mechanical properties of clay suspen- 
sions, as of other structurized disperse systems, are mainly determined by the formation of coagulational network 
structures. The formation and growth of these structures in clay suspensions is the consequence of the asymmetry 
of the clay particles and the high degree of dispersion. However, a number of questions relating to the rheology 
and structural and mechanical properties of clay suspensions still remain to be solved. Particular attention should 
be devoted to further studies of the dependence of the plasticoviscous properties of clay suspensions on the min- 
eralogical composition, the colloidochemical nature of the clays, and the composition of the dispersion medium 
(water). The investigations which have been carried out in this direction deal mainly with simpler and more 
highly structurized suspensions of bentonite clays. 


However, in oil well drilling in the Azerbaidzhan oil fields the clay suspensions used are made in sea 
water from low-colloidal calcium clays, Under these conditions the improvement and regulation of the rheo- 
logical properties of the clay suspensions presents a difficult problem. 


To solve this problem it is necessary to use modern research methods for clarifying the role and signifi- 
cance of the principal factors which influence the structural and mechanical and other important technological 
properties of the clay suspensions used in difficult geological conditions of drilling. 


The purpose of our investigation was a quantitative study of the relationship between the nature of struc- 
ture formation and the stability of the structures in concentrated clay suspensions, and the mineralogical compo- 
sition, capacity and chemical composition of the exchange complex, the colloidochemical nature of the clays, 
and the kind, concentration, and fractional composition of the weighting materials. The effects of the nature 
and concentration of the solid phase and the composition of the aqueous phase on the thixotropy and structural 
and mechanical properties of clay suspensions were studied over a fairly wide range of limiting shearing stress, 
which is a very important and scientifically substantiated characteristic of structurized liquids. Rebinder's cone 
plastometer [4] was used for quantitative evaluation of aging processes and thixotropic structure formation in 
concentrated clay suspensioris. New versions of the cone plastometer were successfully used by Volarovich and 
Markov [4] for studying the mechanical properties of peat, 


However, the structural strength of clay suspensions is relatively low, and we therefore studied the plastico- 
viscous properties of concentrated clay suspensions with the aid of a somewhat lighter and modified cone plasto- 
meter; the metallic cone was replaced by a very light glass cone with a grooved surface to eliminate wall slip- 
page. The counterpoise used for loading the cone was 10-20 times lighter, which made it possible to replace the 
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metallic disc by a lighter disc or organic glass. The increase of the limiting shearing stress (shear strength) as 
a function of time [Pp,(7) and dP;,/dr] was a measure of the increase of the structural strength of the clay sus- 
pensions with time, i.e., it characterized the kinetics of structure formation. The limiting shearing stress was 


calculated from the equation 


where P,, is the shear strength in grams per cm?; F is the load in grams; h is the maximum immersion of the 
cone inmm; Ky is the cone constant, 


Investigation of the colloidochemical nature and mineral composition of the original clays. Gekmalin 
and Zykh clays were chosen for studying the effects of the colloidochemical nature and mineral composition of 
clays on the type of structure formation and the strength of the structures formed in clay suspensions. These are 
two of the most typical clays of the Apsheronskii Peninsula, The original clay samples were subjected to analysis, 
which is important in relation to the preparation of clay 
suspensions. 


800 } 
The nominal specific surface of the clays was deter- 


mined by the method of methylene blue adsorption [95]. 
The dye concentration was determined colorimetrically by 
means of the Duboscqcolorimeter. The reek was first ground 
to pass through a sieve of 4900 mesh per cm? and dried to 
: constant weight at 110°. The results showed that the original 
clays differ very greatly in their specific surface. The specific 
— surface of Gekmalin clay is 231 m?/g, and of Zykh clay, 
93 m’/g, 
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leas The swelling of the clays was measured by means of 


sand Kister's modification [6] of the Freundlich apparatus, in 
0 es et oe aes which the swelling is found from the amount of water ab- 


alrsntn vagitesibeg ten, t sorbed by the clay, read off from the position of the menis- 
minutes hours days 
cus in an accurately calibrated capillary tube. The results 
Fig. 1. Kinetics of swelling of Gekmalin (1) of the swelling determinations of the clays in distilled and 
and Zykh (2) clays. sea water (Figure 1) show that Gekmalin has very high 
swelling in distilled water; it absorbed 833 wt. % of water, 
as compared with 890 wt. % for askangel. Zykh clay has 
relatively low swelling — 286 wt. %, The swelling of Gekmalin clay in sea water is much lower, and approaches 
that of Zykh clay, which indicates the very high sensitivity of the highly colloidal Gekmalin to the electrolytes 
present in sea water. 


SS 
Ss 


Swelling, % 


The maximum hygroscopicity of clays, like the swelling, characterizes to a considerable extent their hy - 
drophilic properties or tendency to hydration. In an investigation of the hydrophilic properties of certain ben- 
tonite and kaolinite clays [7], determined from their maximum hygroscopicity and calculated from the heats 
of wetting, it was concluded that either of these methods can be successfully used for quantitative characteriza - 
tion of the hydrophilic properties of clays. 


The maximum hygroscopicity was determined from the adsorption of water vapor. A clay sample was 
dried to constant weight at 105-110° and placed in a desiccator over saturated K,SQ, as the vapor pressure of a 
saturated solution of this salt varies by only 2-4% over a very wide temperature range (from 10 to 100°). The 
desiccator was kept in a Hoppler thermostat at 25°, After 24 hours the weighing bottles containing the clay 
were weighed and the weight increase due to adsorption of water vapor was determined, This was repeated un- 
til complete saturation was reached, 


The clays studied differ in their adsorptive capacity for water vapor, in accordance with their colloidal 
character. The maximum hygroscopicity of Gekmalin clay is very high (27.7%), and equilibrium is only reached 


after 12 days, The hygroscopicity of Zykh clay is very low (12.1%); it reaches saturation within 6 days, after 
which its hy groscopicity remains unchanged. 
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Thus, the selected clay specimens differ in swelling and hygroscopicity, and therefore in hydrophilic prop- 


erties, and it is therefore to be expected that they would differ greatly in their structurizing power in aqueous 
suspensions. 


The total capacity and chemical composition of the exchange complex of the original clays were deter- 
mined by the Gedroits universal method [9]. The results are given in Table 1, 


TABLE 1 


Composition of Exchange Cations 


Clay 


Gekmalin 
Zykh 


It follows from the data in Table 1 that, by the total capacity and the chemical composition of the ex- 
change complex,Gekmalin clay should be classified with the highly colloidal sodium bentonite clays, The total 
capacity of the exchange complex of this clay is about 3 times that of the Zykh clay. Zykh clay has a very low 
sorption capacity, and by the composition of its exchange complex it belongs to the less colloidal calcium clays; 
it therefore has poor hydrophilic properties, and the production of a normal clay suspension requires about 35-40% 
of Zykh clay as compared with 5-8% of askangel or Gekmalin clay. 


The mineral composition of the clays was determined by Avdusin's method [10], and by Vedeneev and 
Vikulova's method [11] of staining with organic dyes, The results of these analyses show that Gekmalin clay be- 
longs to the montmorillonites, and Zykh clay to the hydromica-kaolinite clays. The comparative technological 
characteristics of clay suspensions of equal viscosity, made from these clays in distilled, fresh, and sea water, 
are given in Table 2, 


TABLE 2 


Characteristics of Clay Suspensions 


Static shear stress in 
mg/cm? 


Cake 
thickness, 
m1/30 min | mm 


Sediment, 


Jo 


Suspension medium 


Gekmalin Distilled water 63.8 
Fresh water 85.4 
Sea water 80.2 
Zykh Distilled water 82.0 
Fresh water 14.8 
Sea water 56.6 


It follows from the data in Table 2 that Gekmalin clay gives high-quality suspensions in distilled or fresh 
water of low water loss and with a thixotropic structure of high strength, with a low clay consumption; it differs. 
in this respect from Zykh clay. However, both clays give equally unsatisfactory suspensions in sea water; the 
technological properties of these suspensions can be improved only by treatment with peptizing and stabilizing 
agents, 


These investigations show that the local Gekmalin clay, which is a highly colloidal sodium bentonite, 
has a high specific surface, a high exchange capacity and hygroscopicity, and is therefore highly hydrophilic. 
Zykh clay, on the other hand, is a less colloidal hydromica-kaolin calcium clay; it has a very low specific sur- 
face, low sorption capacity, and its hydrophilic properties are very poor. Thus, the two clays, chosen for the in- 
vestigation of the plasticoviscous properties of clay suspensions, have very different chemical, mineralogical, 
and colloidochemical properties. 


181 


Investigation of aging and thixotropic structure formation in concentrated clay suspensions, For the studies 


of the type of structure formation and of the strength of the structures formed in clay suspensions in relation to 
the mineral composition and the colloidochemical nature of the clays, clay samples were thoroughly kneaded 
with a little water for 25 minutes to a consistency of thick dough. After complete homogenization of the thick 
mass the remaining water was added, and the mass was agitated for 10-15 minutes more until a liquid homo- 
geneous mass was formed. The concentrated clay suspension was then placed in 50 x 20 mm vessels and kept 
in a desiccator over water to prevent drying. The course of structure formation in these suspensions was then 
investigated by determinations of the limiting shear stress at definite time intervals. 
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Fig. 2, Kinetics of structure formation in 

Gekmalin clay suspensions; volume % con- 
tents; 1) 10%; 2) 12.5%; 3) 15%; 4) 15%; 
1, 2 and 3) in fresh water; 4) in sea water, 
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Fig. 3. Kinetics of structure formation in 
Zykh clay suspensions; volume % con- 
tents; 1) 25% 2) 30%; 3) 35%; 4) 30% 
5) 25%; 1, 2 and 3) in fresh water; 4 and 
5) in sea water, 
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Since sea water is used in a number of the Azerbaidzhan 
oil fields for the preparation of clay suspensions, we studied 
the kinetics of structure formation in clay suspensions made 
both in fresh and in sea water. Figure 2 gives curves represent~ 
ing the kinetics of structural strength increase and the type of 
structure formed in suspensions made from Gekmalin clay. 


It is seen in Figure 2 that the strength of the structure 
in these clay suspensions rises sharply during the first 3 hours 
of aging (the strength of the previously formed structure varies 
little after that), and that the initial strength and the strength 
of the thixotropic structure formed increase sharply with in- 
creasing concentration of the solid phase. For example, an 
increase of the clay concentration from 10 to 15% produces an 
approximately 2.2-fold increase of the structural strength of 
the suspensions. The structural strength of the clay suspensions 
is much lower if sea water is used instead of fresh. This is the 
result of aggregation and dehydration of the clay particles ow- 
ing to saturation of their exchange complex with multivalent 
ions from sea water, so that the hydrophily and dispersity of 
the bentonite clays decrease sharply, with a corresponding de- 
crease in the number of structure -forming clay particles per 
unit volume of the suspension. 


Suspensions of Gekmalin bentonite clay made in sea 
water are almost devoid of thixotropic properties even at very 
high concentrations, 


In contrast to suspensions of Gekmalin bentonite clay, 
suspensions of Zykh hydromica-kaolinite clay (Figure 3) have 
very low structural strength even at high concentrations, indi - 
cating absence of thixotropic properties. An increase of the 
concentration of Zykh clay from 25 to 35% produces only a 
1,5~-fold increase in the structural strength of the suspensions, 


From the curves in Figure 4 it is easy to determine the 
concentrations of different clays, according to their mineral 
and chemical composition and colloidochemical nature, which 
give clay suspensions of equal strength, by drawing lines from 
the ordinate axis parallel to the abscissa axis, For example, 
clay suspensions with a shear strength of 20 g/cm? can be made 
with 7.5% of Gekmalin bentonite clay in fresh water, and 15% 
in sea water; 25% of Zykh hydromica-kaolin clay in fresh 
water and 33% in sea water, etc, Thus, curves showing the 
variation of the structural strength, in terms of the shear strength, 
with the clay concentration in the suspensions are very con- 
venient and simple to use for estimating the characteristics 
of clays, 


PAB LE Ss 


Effect of the Colloidochemical Nature of the Clays on the Structural Strength of Clay Suspensions 


Specific 
surface 
in m’/g 


Structural 
strength from 


Concentra - 
tion of 
clay in 
suspension, 


To 


Hy grosco- 
picity, % 


Pm,max in 


g/cm? 


Gekmalin 20 


40 
92 
21 
25 
32 


Zykh 


In Table 3 are shown the greatest values attainable in the given time in terms of the shear strength of the 
clay suspensions. 


These investigations demonstrate the pronounced interdependence of the mineral composition and the col- 
loidochemical nature of the clays, and structure formation in their aqueous suspensions. 


Investigation of thixotropic structure formation in weighted clay suspensions. To counteract difficulties 
in drilling caused by tectonic disturbances in the strata and by particularly high rock pressure, weighted clay 


suspensions are widely used. The weighting power of disperse materials depends to a considerable extent on the 
influence of the weighting materials on the rheological and colloidal properties of the clay suspensions, In this 
connection we carried out a quantitative study of the dependence of thixotropic structure formation in weighted 
clay suspensions on the type, concentration, and fractional composition of the disperse weighting materials. The 
following typical disperse weighting materials were used; Krivoi Rog hematite, pyrite cinders from the Baku 
sulfuric acid works, and natural carbonate rocks, The characteristics of the disperse weighting materials used 
are given in Table 4, 


TABLE 4 


Characteristics of Weighting Materials 


Weighting 
materials 


Content of | Maximum 
soluble hygroscopic 
salts, % moisture 

content, % 


Moisture, 


Jo 


Density, 
g/cc 


Hematite ene 
Pyrite ash 2.36 
Limestone 0.63 


The chemical composition of the weighting materials is given in Table 5. 


To investigate the effect of fractional composition of the weighting material on the structural strength of 
clay suspensions, we prepared, by the sieving method, 3 fractions of each material with the following grain sizes: 
102-74; 74-53u; <53u. Weighted clay of the same composition was made by the same procedure, but with 
different fractions of the weighting materials, and the kinetics of structure formation in them was studied (Figure 
5). The results show that the structural strength of weighted clay suspensions depends on the fractional composi - 
tion of the weighting materials, The finer fractions of the weighting materials, because of their greater specific 
surface, produce greater increases in the structural strength of the clay suspensions. The structural strength of 
clay suspensions decreases steadily with increasing grain size of the weighting material. 


The variations of the structural strength of weighted clay suspensions with the nature and concentration of 
the disperse weighting materials (Figure 6) show that clay suspensions containing limestone in various concen- 
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TABLE 5 


Chemical Composition of Weighting Materials 


Chemical composition, % 


Weighting ‘zi 
material Fe,0, Al,0s | CaO | MgO SO; SiOz omega 

Oss 

Hematite 76.05 — 2329; 1.08 1.64 18.27 — 

Pyrite cinders 71.03 3.65 2.15 1.10 1.85 20.15 = 
Limestone* 4.28 0.35 BO .0o a, be 0.74 — 40 45 


*Insoluble residue 4.55%. — 


Qa / 2 Jd G5 og 6 7 
Clay concentration (vol. %) 


Fig. 4. Variation of shear strength of suspen- 
sions with clay concentration: 1) Gekmalin, in 
fresh water; 1') the same, in sea water; 2) 
Zykh, in fresh water; 2") the same, in sea 
water. 
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f g/cm 


Pies a 2 3 4 J hours 


Fig. 5. Kinetics of thixotropic structure form- 
ation in clay suspensions weighted with py- 
rite cinders (A) and limestone (B), of grain 
size: 1) 59u; 2) 53-74u; 3) 74-104y. 
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trations have low structural strength, which varies very little 
during aging, so that it is possible to increase the carbonate 
concentration in the suspension and to obtain, after suitable 
treatment with the usual chemical reagents, high-quality 
weighted clay suspensions of density 1.7-1.85 g/cc [13-17]. 
The pyrite cinder particles have a high structurizing effect 
on clay suspensions, which is largely due to their high con- 
tent of water-soluble salts with multivalent cations, which 
have a strong coagulating action on clay suspensions, 
Therefore, clay suspensions containing pyrite cinders at the 
same concentrations as limestone or hematite have extreme - 
ly high structural strength, viscosity, and water loss; this 
leads to difficulties in their use for drilling oil and gas wells. 


It is known that in absence of any theoretical analysis 
the fundamental and decisive factor determining the weight- 
ing power of disperse materials is density, The results of 
our researches [16, 17] and certain literature data show that 
the density of a weighting material is not sufficient for de- 
termination of its weighting power. Apart from density, 
the weighting power of a disperse material depends on its 
influence on the colloidal and rheological properties of 
clay suspensions. It was shown that substances having aniso- 
diametric particles, capable of a high degree of hydration 
and structure formation in the disperse state, tend to in- 
crease the effective volume of the disperse phase and there - 
fore to decrease the concentration of the disperse phase in 
a suspension for a given viscosity. This leads to a decrease 
of the weighting power of the material, and suspensions of 
acceptable viscosity obtained with it have low density. Dis- 
perse materials which may be recommended as weighting 
materials for clay suspensions should have fairly low affinity 
for water, water repellency, and weak structurizing power 
owing to the isodiametric form of their particles, In addition 
to the widely used weighting materials (hematite, baryte, 
étc,), natural carbonate rocks (dolomite, limestone, marl, 
spherosiderite [13-17]) may be included among such mate - 
rials, 


SUMMARY 


1. The effects of the mineral composition, chemical 


composition of the exchange complex, and the colloidochemi- 
cal nature of clays on the plasticoviscous properties of clay 
suspensions have been studied with the aid of a modified cone 
plastometer, which can be successfully used for studying the 
nature of structure formation and thixotropic structure strength 
in concentrated clay suspensions, 


2. The form and strength of the structures formed in 
aqueous clay suspensions depend on the mineral and chemical 
composition of the exchange complex of the clay. Aqueous 
suspensions of Gekmalin bentonite clay have a very strong 
thixotropic structure, whereas aqueous suspensions of Zykh hy - 
dromica-kaolinite clay are almost devoid of thixotropic prop- 
erties, 


3. Clay suspensions made in sea water have weak struc- 


0 5 0 15 aay came ture, without thixotropic properties, because of the strong co- 
Concentration of weighting material agulating action of the multivalent cations in sea water on the 
(vol. ob) clay particles, with a consequent deterioration in the hydro- 
Fig. 6. Variation of shear strength of clay philic properties and the dispersity of the clay, so that struc- 
suspensions with the type and concentra - ture formation in the suspensions is sharply reduced. In such 
tion of weighting material: 1) pyrite cin- conditions it is important to improve the structural and other 
ders; 2) hematite; 3) limestone. technological properties of clay drilling fluids by treatment 


with various peptizing and stabilizing agents, 


4, The effects of the nature, concentration, and fractional composition of disperse weighting materials 
on the strength of thixotropic structures in weighted clay suspensions used in difficult drilling conditions have 
been studied. 


a) It is shown that the finer fractions of the weighting material increase the structural strength of clay 
suspensions to a greater extent, owing to their greater specific surface and wettability. The structural strength 
of a weighted clay suspension decreases regularly with increasing particle size of the weighting material. 


b) It was found that disperse weighting materials vary greatly in their structurizing power. In contrast to 
the high structurizing power of pyrite cinders and hematite, the structural strength produced by native carbonates 
(limestone, dolomite, etc.) is low. It is therefore possible. to use higher concentrations of carbonates, and to 
obtain, after suitable treatment with stabilizers, high-quality nonabrasive weighted clay suspensions for use in 
turbine drilling. 


5. Rheological investigations showed that disperse materials suitable for use as weighting agents for clay 
suspensions should have fairly low affinity for water, and weak structurizing power owing to the isodiametric 
shape of their particles. 


The authors express their deep gratitude to Academician P.A. Rebinder for valuable advice in the course 
of this work. 
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THE EFFECT OF CATIONS ON THE PROPERTIES OF BLACK SEA AGAROID 


A.A~ Morozov and S.N. Stavrov 


The extensive use of agar, agaroid, carrageenin, and other substances extracted from red algae depends 
mainly on the formation of firm gels, which change little in the course of time, from their aqueous solutions. 
A particularly promising material of this kind, in relation to the possibility of its production in our country, is 
the agaroid obtained from the Black Sea alga, Phyllophora nervosa [1]. The agaroid obtained from it, like 
other extracts from red algae, is a natural cation exchanger, Some of the most important properties of agaroid 
may be modified to a considerable extent in the desired direction by means of cation exchange [1, 2]. 


The effects of the replacement of one kind of cation by another on the properties of algal extracts are by 
no means fully understood, According to some reports [4] replacement of calcium by univalent cations does 
not lead to any significant changes in the gelling power of agar, while, according to others, it results in a con- 
siderable decrease of this power. Solutions of the sodium salt of carrageenic acid, unlike solutions of the cal- 
cium salt, do not form gels [5]. 


We studied various cation-substituted forms (Li, Na, K, Ca, Ba) of agaroid. Studies of the viscosity of 
aqueous solutions (Figure 1), gel strength (Figure 2), swelling in water (Figure 3) and electrical conductance of 
aqueous solutions (Figure 4) of cation-substituted agaroid revealed a close relationship between the magnitude 
of the molecular charge and the physical and mechanical properties, * 


The variations of the equivalent conductance of agaroid solutions with dilution are represented by curves 
which are typical for weakly dissociated low-molecular compounds. According to these curves, the agaroid 
samples can be arranged in the following series according to their tendency to dissociate: Li > Na > K > Orig- 
inal> Ca > Ba. The higher the degree of dissociation of a given sample (Figure 4), the greater is the viscosity 
of its dilute solutions (Figure 1), and the swelling in water (Figure 3), and the lower is the gelling power (Fig. 2). 


Black Sea agaroid, like agar [6-8] and carrageenin, is a salt of an acid sulfuric ester of a polysaccharide. 
It isa polyelectrolyte, and behaves similarly to many other compounds of this class[10]. The observed increase 
of the reduced specific viscosity of agaroid solutions (Figure 1) with increasing dilution should probably be at- 
tributed to an increase of the hydrodynamic volume of the molecules as the result of straightening of the mole - 
cular chains by the action of repulsion forces between similarly charged centers (SO, groups) arranged in a defi- 
nite manner along the molecular chains. The forces of repulsion and the straightening of the molecules in- 
crease with increasing dissociation of the compounds on progressive dilution, 


The decrease of the degree of dissociation in the transition from Li-agaroid to Ba-agaroid results in a 
corresponding intensification of the interaction between the molecules in solution, leading to coiling in dilute 
solutions, and to structure formation in concentrated solutions. It is also possible that in either case aggregates 
of large number of molecules, behaving subsequently as independent kinetic units, may be formed. 


Fixation of molecular aggregates in the junctions of the spatial network of a gelling system may occur 
as the result of intermolecular forces of mutual attraction [11,12]; it is effected through the water oriented 
around the hydrated polar groups (by hydrogen bonding), despite the repulsion of the ionic atmospheres surround- 
ing the colloidal particles (molecular aggregates), Mutual attraction between the particles or individual macro- 
molecules increases with decreasing electrolytic dissociation, with compression of the electric double layer, 
and with increasing dehydration [13, 14] of the polar groups of the agaroid. 


*The experimental procedure was described previously [21]. 
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Fig.1. Variation of reduced viscosity 
with concentration (at 25°) of aqueous 
solutions of cation-substituted agaroid 
samples and the original agaroid. 
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Fig. 2. Variation of shear strength (at 
18-20°) with concentration of gels of 
cation-substituted agaroid samples and 
the original agaroid. 


It seems that the influence of bivalent cations on gelling of agaroid solutions does not reduce to the form- 
ation of “bridge” bonds between the agaroid molecules to form a space network, as was shown to be the case in 
nitrocellulose and acetylcellulose solutions [15], and as is thought by some authors [8] to be the case in agar 
solutions, This is shown by the fact that cation-substituted Li-, Na-, and K-agaroids can also form gels. The 
valence of the ion influences the behavior of the agaroid in solution mainly by altering the tendency of the given 
cation-substituted specimen to undergo electrolytic dissociation. 


d 100 200 900 min 
Fig. 3. Kinetics of the swelling in water 


(at 20°) of cation-substituted agaroids 
and the original agaroid, 


188 


125 


100 


% 


ve 
0 o 10 5 vo g-equiv 


Fig. 4. Variation of equivalent con- 
ductance (at 25°) of solutions of cation- 
substituted agaroids and the original 


agaroid with the square root of the con- 
centration, 


A comparison of our experimental data on the properties of various cation-substituted agaroid samples 
with the properties of extracts obtained from red algae [1, 2] and various agar fractions [7, 16] as described in 
the literature reveals identical relationships. In particular, the swelling power in water decreases with decreas- 
ing sulfur content in the extracts; for a given gel strength, the concentration is higher for agaroid (the S content 
calculated as SQ, is 21.6% on the dry substance) than for agar (containing not more than 6% SQ,). There is a 


well-defined correlation between the properties of different agar fractions and the number of galactose residues 
per SO, group. 


As has already been noted [7, 17], the molecular weight of the extracts is not the decisive factor in their 
gelling power, An agaroid with molecular weight 5000 [18], in presence of small amounts of low-molecular 
electrolytes, forms stronger gels than those formed by Japanese agar under the same conditions [19]; we found 
that the former approach the strength of gels formed by White Sea agar, the molecular weight of which reaches 
30,000 [20]. Moreover, carrageenin of molecular weight 2,500,000 [9] yields gels at higher concentrations than 
agar [2]. It appears that beyond a certain value increase of molecular weight does not have any decisive influ- 
ence on the properties of the extracts. 


The differences in the physicochemical properties of cation-substituted agaroid samples containing the 
same anion are caused by differences in the degree of dissociation. With different extracts and agar fractions, 
these differences in the properties arise because the substances are polyelectrolytes containing mainly calcium 
and different anions; the latter differ in the numbers of SO, groups per gram molecule.* 


. Extracts of red algae are classified into two groups: agars and agaroids, depending whether their swelling 
in water is limited or unlimited [1]. By this classification, cation-substituted Ba- and Ca-agaroids must be con- 
sidered as agar merely because their swelling in water is limited and an increase of temperature is needed to 
dissolve them. We consider that this classification is inappropriate. In the final analysis, the differences in the 
properties of extracts of red algae are primarily determined by the magnitude of the charge of the high-mole- 
cular anion, Therefore, the most important characteristic of such extracts must be the sulfate group content 
per unit weight;* this quantity determines the physicochemical and physicomechanical properties of the solutions 
and gels, The role of the cation present in a given agaroid is significant in the sense that it determines the 
electrolytic dissociation of the sample and influences the magnitude of the charge of the high-molecular anion. 


SUMMARY 


1, The investigated properties of solutions and gels of cation-substituted agaroids (viscosity, shear strength, 
swelling, etc.) are clearly dependent on their degree of electrolytic dissociation in an aqueous medium. 


2. The most important characteristic of agaroid and other extracts of red algae is the magnitude of the 
charge of the high-molecular anion, which depends on the sulfate group content per unit molecular weight*of 
the substance and on the nature of the cation. 


3. Views are put forward concerning the nature of the interaction of dissociated agaroid molecules in an 
aqueous medium, and are used to explain the formation of molecular aggregates, internal structure in the solu- 
tion, and gelation. 
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THE STRUCTURE OF GELS 


12. PREPARATION OF GELS FROM SOLUTIONS OF METHYL METHACRYLATE — 
METHACRYLIC ACID COPOLYMER 


N.F. Proshliakova, P.I. Zubov and V.A. Kargin 


The nature of the bonds in gel systems has been repeatedly discussed [1-5], but it is still far from clear. 
There is a lack of data on the relationship between gel formation and the numbers of the intermolecular 
bonds formed. Investigations of such structurized systems as protein gels could not provide a conclusive answer 
to this question in view of the complexity of the protein molecule, which contains a large number of groups 
differing in nature. 


The purpose of the present work was a study of the properties of gels obtained from a synthetic polymer of 
well-known composition and structure. In this case it is possible to know in advance what groups and what bonds 
will cause gelation. By varying the number of bond-forming groups it is possible to obtain gels with networks 
of different density, and thus approach to a solution of the problem of the influence of the number and type of 
bonds on the properties of gels. 


The material used for the study was a copolymer of methyl methacrylate (MMA) and methacrylic acid 
(MAA) in a weight % ratio of 83:17; this is a linear amorphous polymer. The presence of a definite number of 
carboxyl groups in the polymer molecules makes it possible to produce network structures by the introduction of 
bivalent metal oxides into the solutions, Solutions and gels of MMA~MAA copolymer with different amounts of 
additives were studied, Cyclohexanone was the solvent used, Dilute gels were obtained by introduction of the 
gel-forming additives in the form of alcoholic solutions with thorough stirring. To establish equilibrium in the 
systems, the samples were held at 70° for 30 hours in hermetically closed vessels. The dilute solutions and gels | 
were studied by means of the dynamometric balance [6]. It was found in preliminary experiments that dilute 
solutions of MMA-MAA copolymer in a mixture of cyclohexanone and methy] alcohol pass into the gel state in 
presence of oxides and hydroxides of bivalent metals (Ca, Ba, Sr). 


The figure shows the results of a thermomechanical investigation of dilute (4.5 g/100 ml) solutions and 
gels in 4: 1 mixture of cyclohexanone and methyl alcohol in presence of different amounts of SrO. The deform - 
ation produced in 10 seconds at a constant stress of 0.5 g/cm? was measured at various temperatures. 


It is seen in the diagram that in solutions without added SrO an increase of temperature results in a sharp 
increase of deformation, indicating that the system passes into the viscofluid state, Introduction of 2 or 3% SrO* 
displaces the deformation-temperature curves into the region of higher temperatures, With 4% of the additives 
and over, the displacement of the curves is accompanied by a sharp change in their form. A region character- 
istic of the high-elastic state appears on the curves. Thisregion becomes more extensive for gels with higher 
contents of the additives. It proved impossible to detect a transition from the high-elastic to the viscofluid 
state in gels with more than 4% SrO by this method. The behavior of the gels at higher temperatures was there - 
fore studied by observations of falling spheres in gels contained in sealed tubes, Steel balls 0.0326-0.0329 g in 
weight and 2 mm in diameter were used. The stress produced by the weight of the ball was ~1 g/cm?, The 
results of the experiments are given in the table, 


*The SrO contents of the gels are given in equivalent percentages on the carboxy! groups in the dissolved poly - 


mer, 
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These results indicate that gels with 4% SrO 
have some degree of fluidity even at 20°. In gels 
with 5 and 10% SrO the fluidity increases with rise 
of temperature. The behavior of the gel with 10% 
SrO is particularly striking; it is completely elastic 
at 20°, and is transformed into a viscofluid system 
at 100°. The appearance of viscofluid properties in 
the gels indicates breakdown of the stable bonds be - 
tween the molecules at higher temperatures, 


800 


540 


It follows from these results that introduction 
of small amounts of strontium oxide into solutioris 
of MMA-MAA copolymer results in a gradual in- 
crease in the elasticity of the systems. The nature 
of the thermomechanical curves (see figure) suggests 
that a continuous spatial structure is formed in the 
polymer solutions in presence of 4% SrO. 


460 


It follows from the theory of the random form - 
ation of cross links that gelation begins in a mono- 
disperse system when the number of cross links 
reaches half the initial number of molecules, i.e., 
when one cross link is formed per two polymer mole - 
cules; an abrupt transition occurs from a true fluid 
solution to a brittle gel[7]. In a solution of MMA— 


Variation of the deformation of MMA-MAA copoly - 
mer gels with temperature. (The numbers on the 
curves represent the SrO contents as % of the MAA 
in the copolymer.) 


Time Required for a Ball to Fall 10 mm in Gels MAA copolymer in presence of 2% SrO four cross 
Containing 4.5 g Polymer per 100 ml at Various links are formed per one thousand monomer units. 
Temperatures Since the degree of polymerization of methyl meth- 


acrylate polymers is not less than 1000, the number 


SrO tent, Temperature, ° : 
bee ea : re of cross links formed in this instance is evidently 


tb a larger than is theoretically required for gel forma - 
2 = tion, However, elastic properties appear in the 
4 - presence of double this amount of SrO, and the elas- 
5 94 hours | 4hrs15 min} — ticity increases gradually. This indicates that in the 
~10 F 26 hours 42 min presence of SrO the carboxyl groups are not merely 
linked with the metal to form bonds of the neutral 
salt type. 


On the one hand, introduction of a bivalent metal oxide into a solution of a polymer containing carboxyl 
groups is accompanied by the formation of both intermolecular and intramolecular bonds. The latter are not in- 
volved in the creation of a spatial structure, which may account for the large amount of oxide which must be 
added before gelation begins, However, the probability of intramolecular bond formation decreases sharply 
with increasing concentration of the solution, At our concentration of 5 g/100 ml in the original solution, the 
relative proportion of intramolecular bonds is negligibly small. On the other hand, reactions between the bi- 
valent metal compounds and the carboxyl groups may give rise to basic salts, These groups cannot form chemi- 
cal bonds, but the possibility of nonchemical action by them is not excluded, It is true that basic salts are usu- 
ally formed in presence of large excess of the bivalent metal oxides, In the present instance the formation of 
salt linkages owing to the excess of carboxyl groups should be expected, However, the formation of gels in 
presence of more than the theoretical amounts of SrO, and the high lability of the bonds in such systems, mani- 


fested in the fluidity of the gels at elevated temperatures, indicate that bonds of a different type from the usual 
chemical salt type are present. 


SUMMARY. 


1. Gels have been prepared from solutions of synthetic methyl methacrylate -methacrylic acid copolymer 
by addition of bivalent metal oxides, 


Lez 


2, Gel formation is observed in presence of a larger number of bonds than is required by theory. 
3. The bonds in the gels have high lability at elevated temperatures, 


4, The presence of bonds of a different type from the chemical salt type is postulated. 
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THE STRUCTURE OF GELS 


13. INVESTIGATION OF THE PROPERTIES OF GELS OF METHYL METHACRYLATE — 
METHACRYLIC ACID COPOLYMER CONTAINING UNIVALENT METALS 


N.F. Proshliakova, P.I. Zubov and V.A. Kargin 


It was shown in the previous communication [1] that the spatial structures formed on addition of bivalent 
metal oxides to solutions of methyl methacrylate -methacrylic acid copolymer contain bonds which have un- 
expectedly high lability at elevated temperatures, Since the nature of these structures is not clear, it was of 
interest to study the changes in the properties of the copolymer solutions in presence of additives which do not 
form chemical bonds between the molecules, Alkali metal hydroxides were used as the additives. Preliminary 
experiments showed that additions of alkali metal hydroxides (NaOH, KOH, T1OH) to dilute solutions of the co- 
polymers cause gelation at room temperature. The gels melt when heated to 60°; the solutions gel again on 
cooling. The dilute solutions and gels were studied with the aid of the dynamometric balance. The procedure 
used for preparation of the gels was the same as in the production of gels with added bivalent metal oxides. 


Figure 1 gives data obtained in a study of solutions and gels of methyl methacrylate -methacrylic acid 
copolymer containing 4,5 g per 100 ml, in a 4:1 mixture of cyclohexanone and ethyl alcohol in presence of 
various amounts of sodium hydroxide. The deformation produced in 10 seconds at a constant stress of 0.5 g/cm? 
at different temperatures was measured, It follows from these results that addition of NaOH to the copolymer 
solutions displaces the temperature -deformation curves into the region of higher temperatures (with 3 and 5% 
NaOH).* With 10% NaOH the character of the curves changes; a region typical of high-elastic systems appears, 
but with increase of temperature a bend appears on the curves indicating transition of the system into the visco- 
fluid state. The extent of the region of high elasticity on the temperature -deformation curves increases with 
increasing NaOH concentration in the gel (15, 20 and 25% NaOH), as the temperature of transition of the system 
into the viscofluid state increases; the solidification point of the solution remains almost unchanged. 


Similar effects were observed in studies of more highly concentrated copolymer solutions and gels (7.5 
g/100 ml). These results are shown in Figure 2, It is seen from a comparison of Figures 1 and 2 that the char- 
acter of the deformation-temperature curves does not change with increase of the concentration of the polymer 
solutions, With the same caustic soda content, the temperature of the transition from the high-elastic to the 
viscofluid state is higher for the more highly concentrated gels. 


Figure 3 represents the variations of deformation with the stress (acting for 20 minutes) at various temper- 
atures, for a gel with a concentration of 4.5 g/100 ml, containing 20% caustic soda. It follows from Figure 3 
that a linear relationship is retained at three different temperatures between the deformation and the stress, 
for loads between 0.25 and 25 g/cm?, 


Figure 4 shows the results of a study of the development of deformation in a gel (4.5 g/100 ml) in the 
course of application and removal of a load producing a stress of 6.4 g/cm?; it is seen that before the system 
enters the viscofluid region the deformation is completely reversible (curves for —44°, —30°, and —14°), Above 
this limit, both high-elastic and plastic deformation are found (curve for 0°). 


*The caustic soda contents are given throughout in equivalent percentages of the methacrylic acid content of 
the polymer. 
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Equilibrium is established very rapidly both on ap- 
plication and on removal of the load. These results 
show that in the region of high elasticity the copolymer 
gels behave as ideal elastic equilibrium systems conform - 


600 ing to Hooke's law, 
Figure 5 shows deformation-temperature curves 
obtained for different times of action of.a constant load 
~ of 6.4 g/cm? on a gel with a concentration of 4.5 g/100 
ml, containing 20% NaOH. It is seen in Figure 5 that 
the transition into the viscofluid state is characterized 
at not only by an appearance of irreversible deformation, 
but also by a dependence of the deformation on the time 
of action of the load. 
J20 
These experimental results show that gels made 
from a solution of methyl methacrylate -methacrylic acid 
160 copolymer in presence of sodium hydroxide have proper - 
ties characteristic of elastic systems. This is evidence 
of the formation of a spatial network structure with rela - 
1] ar sid xy, ? MC tively stable bonds, ibe formation is chemical bonds 
between the molecules is excluded in presence of uni- 
Fig. 1. Effect of temperature on the deforma- valent metal compounds, and therefore the cause of bond 
tion of solutions and gels of MMA-MAA copoly- formation leading to the formation of the network gel 
mer containing various amounts of NaOH. The structure must be nonchemical interaction of polar salt 
numbers on the curves are the NaOH contents, groups. 
E, fe 
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Fig. 2. Effect of temperature on the deformation of solutions and 
gels of MMA-MAA copolymer containing various amounts of NaOH. 
The numbers on the curves represent the % NaOH contents, 


It was of interest to determine the causes of the interaction of the salt groups, leading to gel formation. 
It follows from the data on the influence of different amounts of caustic soda on the behavior of solutions of 
methyl methacrylate -methacrylic acid copolymer that small amounts of NaOH (up to 10%) increase the vis- 
cosity of solutions containing 4.5 g copolymer per 100 ml (Curves 2 and 3, Figure 1). In presence of 10 to 25% 
NaOH gelation occurs in a definite temperature range. With over 25% NaOH, phase separation takes place in 
the solution: the system still consists of two phases even after prolonged heating at 70°, In a solution of higher 
concentration (7.5 g/100 ml), separation occurs on addition of over 30% NaOH. It is known that phase separa - 
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Fig. 3. Variation of gel deforma- 
tion with the stress at various tem - 
peratures, 
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Fig. 4. Variation of deformation 
with time on application and re- 
moval of load. 


tion takes place in a polymer solution if the solubility of the polymer 
in the given solvent is limited. Consequently, the introduction of salt 
groups into the molecules of methyl methacrylate -methacrylic acid 
copolymer must decrease its solubility in the solvents used. The phase 
separation and gelation effects occur in presence of different amounts 
of the same additives, From this it may be concluded that these ef- 
fects are both of the same nature — they depend on the predominant 
interaction of groups of limited solubility in the polymer molecule 
with each other rather than with the solvent molecules. 


This conclusion is also confirmed by the results of observations 
of the behavior of solutions of low-molecular acids of analogous struc - 
ture (isobutyric and adipic acids). Alcoholic solution of caustic soda 
was added to solutions of these acids in cyclohexanone, The concentra- 
tion of the acid solutions corresponded to the carboxyl group content 
of a copolymer solution containing 7.5 g of the copolymer in 100 ml. 
It was found that addition of caustic soda to solutions of the low-mole- 
cular acids caused precipitation owing to the poor solubility of the so- 
dium salts of these acids, Phase separation in the acid solutions begins 
when the amount of the caustic soda added is such as leads to gelation 
in the polymer solutions, 


Salt formation in the low-molecular acid-solvent system results 
in separation of the solution into two phases, while the introduction of 
the same quantity of salt groups into the polymer molecules in the | 
same solvent induces gelation. This effect is a consequence of the 
specific structure of the polymer molecules, The sections of the poly- 
mer molecule containing salt groups have poor solubility in the solvent 
and tend to separate out as another phase, as is the case in solutions of 
low-molecular acids, Very many more sections of the same molecule 
have good solubility, preventing the precipitation of the salt sections, 
As a result of superposition of these two factors, microseparation takes 
place in the solution, i.e., separation of the badly soluble sections in 
microvolumes, while the molecule as a whole remains in solution. 

The groups of the badly soluble salt groups are the junction points of 
the gel network structure. This effect is analogous to the microsepa- 
ration observed in mixtures of mutually insoluble rubbers, where com - 
plete separation is prevented by the enormous viscosity of the polymers 
[2]. In this case, microseparation increases the microheterogeneity of 
the rubbers and causes the appearance of anomalous mechanical prop- 
erties in such systems. 


In order to clarify the question of the structure of the junction 
points of the gel network structure, the dependence of the equilibrium 
modulus on the temperature was studied. The equilibrium modulus of 
elasticity depends on the number of junctions in the network structure. 
If such a structure contains unstable bonds, which break down on in- 
crease of temperature, the energy of formation of the junctions can be 


determined from the variations of the logarithm of the equilibrium modulus with the reciprocal temperature [3]. 
If the network junctions are of the same structure and are therefore energetically equivalent, this relationship is 
represented by a straight line. For a gel of a concentration of 5.5 g/100 ml containing 30% NaOH the log Eoo — 


—1/T relationship is not linear. 


This form of the curve indicates that the junctions of the gel network structure are not energetically 
equivalent. At higher temperatures the junctions with the higher energies of formation are retained. The bond 
energy of the junctions broken down in this temperature range is between 2 and 11 kcal/mole, The presence of 
energetically none quivalent junctions in the network and the fact that gelation commences in presence of a 
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Fig. 5. Effect of temperature on deformation 
for various times of action of the load: 1) 10 
minutes; 2) 20 minutes; 3) 30 minutes. 
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Fig. 6. Gel deformation as a function of tem- 
perature at various deformation rates: 1) 1000 
tpm; 2) 100 rpm; 3) 10rpm; 4) 1 rpm. 
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Fig. 7. Effect of temperature on deformation 
of gels containing different amounts of NaOH: 
1) 5%; 2) 10%; 3) 15%; 4) 25%; 5) 50% 
NaOH (deformation rate 1 rpm). 


large excess of the bond-forming groups (20 salt groups per 
1000 monomer units are formed on addition of 10% NaOH) 
lead to the conclusion that the junctions of the network 
structure of methyl methacrylate -methacry lic acid copoly - 
mer are swarmlike formations containing different numbers 
of interacting polar groups. 


The behavior of dilute gels of methy! methacrylate - 
methacrylic acid copolymer shows great resemblance to 
the behavior of structurized systems made from typical 
gelling polymers (gelatin, etc.). A similar analogy is ob- 
served in the properties of concentrated gels. Concentrated 
gels of methyl methacrylate -methacrylic acid copolymer 
were prepared in film form. The required amount of caus- 
tic soda was added to a solution of the copolymer (2.5 
g/100 ml) in 1:1 cyclohexanone -ethy1 alcohol mixture. 
The films were made by evaporation of this solution at 
room temperature. The polymer concentration in the film 
was checked at intervals by weighing. To attain equili- 
brium, the films were heated at 100° and kept in a hermet- 
ically sealed vessel] at room temperature for a month. The 
frequency apparatus [4] was used for the experiments on the 
concentrated gels, 


Figure 6 shows the effect of temperature on the de - 
formation of a concentrated gel (50 wt. %) containing 15% 
caustic soda, at various deformation rates. It is seenin 
Figure 6 that the deformation of the gel increases with de - 
creasing deformation rate, At low deformation rates the 
transition from the glassy into the high-elastic state occurs 
at lower temperatures. Deformation of the relaxational 
type is also observed in gels with other contents of caustic 
soda (5-50%). Variations of the NaOH content in concen- 
trated gels (50 wt. %) have an appreciable influence on 
their mechanical properties. It is seen in Figure 7 that an 
increase of NaOH content in the gel raises the temperature 
of transition from the glassy into the high-elastic state. 
The gels with higher caustic soda contents also melt at 
higher temperatures. Examination of these curves shows 
that the maximum deformation produced in the gel de- 
creases with increase of caustic soda content. For example, 
in presence of 5% NaOH the deformation is 39 arbitrary 
units, whereas in presence of 50% NaOH it is 21 units. 


All these results indicate that the behavior of con- 
centrated gels of methyl methacrylate -methacrylic acid 
copolymer is similar to that of concentrated gelatin gels 
[5]. The similarity between the properties of solutions of 
this copolymer and of typical gelling polymers is also re- 
vealed by investigations of greatly diluted solutions of the 
copolymer in presence of NaOH. It is known that in dilute 
solutions the molecules of such polymers change their form 
and become globular, 


The influence of added NaOH on the specific viscosity of a solution of the copolymer in cyclohexanone at 
a concentration of 0.2 g/100 ml at 20° is shown graphically in Figure 8. Curve 3 represents the variation of the 
specific viscosity of this solution with the caustic soda content. It is seen that the specific viscosity of the solu- 
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tion decreases with increasing NaOH content, the greatest vis- 
cosity decrease being produced by additions of up to 30% NaOH. 
Subsequently, the specific viscosity remains almost unchanged, 


These results indicate that caustic soda in the copolymer 
solution causes coiling of the molecules. Curves 1 and 2 in 
Figure 8 represent the viscosity variations of a solution without 
added caustic soda, with dilution with cyclohexanone and al- 
cohol. 


The specific viscosity of the solutions in presence of NaOH 


0 °) 50 70 90 NaOH, § decreases up to a concentration of 1 g/100 ml. In solutions of 
higher concentrations the viscosity increases in presence of NaOH. 
Fig. 8. Variation of the specific viscosity Figure 9 shows the effect of temperature on the specific viscos- 
of MMA-MAA copolymer solutions with ity of a solution containing 0.175 g of copolymer in 100 ml of 
NaOH content and dilution with alcohol 88:12 cyclohexanone -ethyl alcohol mixture. Curve 1 represents 
and cyclohexanone, a solution of the copolymer in cyclohexanone without additions, 


and Curve 2, a solution in cyclohexanone -alcohol mixture. 
Curve 3 represents a copolymer solution with addition of 100% 
NaOH. It follows from these results that the change in the con- 
figuration of the polymer molecules produced by the added 
caustic soda is fairly stable, as the specific viscosity remains 
low even on heating to 70°. 


Nsp 
06 


SUMMARY 


1. Gels of methyl methacrylate -methacrylic acid copoly- 
mer containing sodium hydroxide have been prepared. 


~40 ~20 a 20 40 60 °C 2. Over a certain temperature range these gels are ideally 


: iu oe : elastic systems, 
Fig. 9. Variation of the specific viscosity y 


of copolymer solutions with temperature, 3. It is shown that the structural network of such gels is 

with and without additions, formed only by physical interaction of the polar salt groups, 
which have poor solubility in the solvent used. The junctions 
of the network are formed by swarmlike formations containing 
different amounts of salt groups. 


4, The properties of gels of various concentrations, containing NaOH, and of dilute solutions of the copoly - 
mer, are similar to the properties of gelatin gels and solutions. 
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EQUATION FOR THE SORPTION ISOTHERM OF AMINO ACIDS ON 


ION EXCHANGE RESINS IN THE HYDROGEN FORM 


G.V. Samsonov and N.P. Kuznetsova 


Our studies of the equivalence relationships in the exchange of dipolar ions of amino acids with other ions, 
and primarily with hydrogen ions, led to the conclusion that dipolar ions can be adsorbed in appreciable amounts 
only on conversion into cations. This conclusion was confirmed experimentally [1]. It is evident that the ex- 
change of dipolar ions by a mechanism different from the mechanism of metal ion exchange must conform to a 
different exchange equation. It was shown [1] that the sorption of amino acids in neutral solutions may be repre- 
sented by the equation: 


RSOFH* -+ +HsNR,CHCOO- > RSOs-+H3NR,;CHCOOH, (1) 


where RSO;H* is a sulfonic cation exchanger in the hydrogen form; R, is the hydrocarbon radical of the amino 
acid, 


In acid solutions, exchange of amino acid cations and hydrogen ions proceeds with equivalent displace - 
ment of the one type of ion by the other according to the equation: 


RSO; Ht + +HsNRiCHCOOH = RSOs-+HsNRiCHCOOH + Ht. (2) 


In the pH region close to pK, (K, is the dissociation constant of the carboxyl group of the amino acid), the 
sorption of amino acids should conform partly to the first and partly to the second equation. For derivation of the 
expression for the ion exchange isotherm it is necessary to calculate the change of thermodynamic potential for 
the sorption of one mole of the amino acid. Whereas by Equation (1) a moles are adsorbed,according to Equation 
(2) 1-x moles are adsorbed. The change of the thermodynamic potential can be calculated from the chemical 
potentials of the substances involved in the process 


A@r,» = [apn — apn+ — opr *] + [(1 —«) wre + 


+ (1 —«) p+ — (1 —@) p+ — (1 — ) pre] (2a) 


or 


AQz,) = UR+ — put —ouR, + (1 —«) p+ — (1 — «) ure, (3) 


where the respective chemical potentials are: of the adsorbed amino acid, pti of the hydrogen ions in the 
resin, Myst of the dipolar ions (zwitterions) of the amino acid in solution, upy; of the amino acid cations in 
solution, pt; and of hydrogen ions in solution, pyt. 


Using the equation which relates chemical potentials with activities 


ti = wi + RT Ina, (3a) 


and equating (3) to zero (A®7,p = 0), we have 
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[w+ — wr — are — (1 — ae) pee + (1 — oe) we) F 
(RT tn'dgs— RT Ina = eh (4) 
—(1—«) RT Inag++ (4 —«) RT In aye] = 0. 


Denoting the expression in the first square brackets, divided by RT, by A’ + B'a, we can reduce Equation (4) to 
the form 


= A’+ Ba. (5) 


The relationship between the activities of the dipolar ions of amino acids and the cations is given by the 
expression 


ant *Ayy+ 
bya (6) 
With the aid of Equation (6), Equation (5) is reduced to the more convenient form 
pia 
In = A+ Ba. (7) 
ayt2R+ 
In the derivation of Equation (7) it was assumed that the concentrations of the substances in the sorption 
process remained constant, from which it follows that a can be calculated as follows 
Be ag Se 
1—a% ~~ ep (8) 
or 
os CRt P 
Cpt + Cpr (9) 


In dilute solutions, the activities used in Equation (7) are equal to the concentrations of the amino acid 
cations and hydrogen ions (cp+ and c;;+). 


In a number of cases it is also possible to use concentrations in gram equivalents per gram of resin instead 
of activities for the components bound with the resin. Equation (7) then becomes 


=A-+ Ba. (10) 


Putting 


“Rt (11) 


and comparing Equation (11) with Equation (8), we obtain the following equation for dilute solutions 


eee: 
iy ae aes 
The ion-exchange Equation (10) was verified for the system alanine -hydrogen on SDV-3 sulfonic resin, 
Through a column containing 1 g of the resin in the hydrogen form 0,01 N alanine solutions of different acidities 
were passed, the acidity being regulated by addition of hydrochloric acid. 12 ml fractions of the eluate were 
collected, and the alanine concentration in them was determined by the ninhydrin reaction [2], The process was 
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Fig. 1. Isotherm for the exchange 
of alanine ions and hydrogen ions 
on SDV -3 resin. 
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Fig. 2. Linear form of the adsorp- 
tion isotherm of alanine on SDV-3 
resin in the H form at pH 6.2. 
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Fig. 3. Isotherm for the sorption 
of alanine by SDV-3 resin in the 
H form at pH 6.2; pK 2.3. 


continued until the resin was in equilibrium with the solution. All the 
quantities in Equation (10) were calculated from the results of these ex- 
periments, 


Figure 1 shows that the sorption of alanine by SDV-3 resin in the 
hydrogen form conforms to Equation (10), The constants A and B can 
be found graphically or calculated analytically. The specific charac- 
teristics of the sorption of amino acids by ion-exchange resins are 
clearly revealed on examination of the sorption isotherm for constant 
hydrogen ion concentration or when pH >> pK. In the latter case the 


condition that cz;+ must be constant is not essential; Equation (10) 
then becomes 


=| 
Pipe (13) 


where Cp is the total amino acid concentration in the solution, 


In Equation (13), instead of Cp we can use the concentrations Cpt 
or Cr+. The constant k will then have different values, 

The sorption of alanine by SDV-3 resin at pH 6.2 is represented 
by Equation (13) in graphical form in Figure 2. Equation (13) can be 
reduced to a form corresponding to the Langmuir equation 


kemsep 

MRr= a rg ; (14) 

Figure 3 shows that the amount of alanine adsorbed increases 
with increase of its concentration in solution, These experiments, like 
those described above, were carried out under dynamic conditions and 
were continued until the resin was in equilibrium with the original solu- 
tion, It must be pointed out that the hydrogen ion concentration was. 
several thousands of times lower than the alanine concentration, and the 
competitive effect of the hydrogen ions was therefore negligible. Un- 
der these dynamic conditions, with the usual exchange mechanism, the 
ions present in the resin are completely displaced by the ions introduced 
into the column. The limiting amount of adsorbed ions of one definite 
kind does not depend on the concentration in absence of competing 
ions, In contrast to this, when alanine is adsorbed from neutral dilute 
solutions it cannot occupy all the active centers in the resin owing to 
the specific sorption mechanism represented by Equation (1). 


The sorption of alanine takes place without displacement of hy - 
drogen ions. Similarly, the desorption of alanine does not necessitate 
a displacing effect by hydrogen ions, 


With increase of concentration, the limiting amount of adsorbed 


alanine rises to 4.1 meq/g; this is equal to the total exchange capacity of SDV-3 resin determined by Nat — H* 
ion exchange, i.e., it corresponds to the number of active centers (sulfo groups) in the resin, 


In solutions of high hydrogen-ion concentration the exchange of amino-acid cations with hydrogen ions 
conforms to Equation (2), In these conditions ~ = 0 and Equation (10) therefore becomes 


I ere Sa (15) 


Myy+ = Cr+ 


From the experimental results (Figure 1) the constant A for the system alanine ~hydrogen on SDV-3 resin is 
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~0.9, and therefore the exchange constant in Equation (15) is eA = 0,408, In other words, the selectivity of the 
sorption of alanine cations is very low. 


This constant is hundreds of times smaller than the constant for the exchange of univalent organic cations 
of the tetracyclines aureomycin and terramycin with hydrogen ions [3]. 
SUMMARY 


1, The equation for the tsotherm for sorption of amino acids by hydrogen forms of sulfonic resins has been 
derived by a thermodynamic method. 


2, The exchange of alanine ions with hydrogen ions on SDV-3 sulfonic resin has been studied experiment- 
ally. It is shown that at constant concentration of hydrogen ions in the solution the amount of amino acid ad- 
sorbed depends on its concentration, 

LITERATURE CITED 

[1] G.V. Samsonov and N.P, Kuznetsova, Proc. Acad. Sci. USSR 115, No. 2 (1957),* 

[2] Stein and Moore, J. Biol. Chem. 176, 307 (1948), 

[3] G.V. Samsonov, L.M. Shuvalova, M.P. Shesterikova, et al., Colloid J. 18, No. 4, 454 (1956).** 


Received January 12, 1957 Institute of High-Molecular Compounds 
Academy of Sciences USSR — Leningrad 


ns 


“See C.B, translation, 
** Original Russian pagination, See C.B, translation, 


204 


A RADIOACTIVE ISOTOPE STUDY OF THE IONIC DEPOSITION 
OF RUBBER FROM LATEX 


D.M. Sandomirskii and M.K. Vdovchenkova 


Many technological processes for the production of rubber goods directly from latex are based on the form- 
ation of rubber gels. These can be obtained by slow destabilization of latex by the formation of coagulant ions 
in it, which is known as gelation [1], or by diffusion of ions into the latex from the surface of a form coated with 
electrolyte solution — ionic deposition [2], or from a metallic anode under the action of an electric current — 
electrode position [3]. The globules may be destabilized either by changes of the electrokinetic potential, or by 
the formation of water-insoluble compounds by the interaction of the electrolyte with the protective coatings on 
the globule surfaces, 


The ionic deposition method is widely used for the production of such articles as balloons, gloves, etc. 
(2,4, 5], but several problems remain unsolved. In particular, the relationship between latex stability and the 
degree of deposition is not quite clear, the distribution of the coagulant salt in the growing deposit is not known, 
the nature of the interaction of the salt with the protective substance of the latex is not understood, etc.. 


We showed [6] that the number of milliequivalents of calcium ions combined with 1 g of coagulum can be 
used as a measure of the stability of latexes to the action of electrolytes. This value, which we termed the cal- 
cium number, is determined by coagulation of the latex with CaCl, solution, It was desired to apply this meth- 
od to a study 6f the ionic deposition process. 


Composition and Properties of Latexes 


Name of latex Nature of polymer Dry solids con- 


tent, % 


- Protective substance 


L-4 Polychloroprene fe 48.9 
L-3 KS 43.6 
L-6 bi 48.2 
SKS-10n Butadiene -styrene copolymer Potassium naphthenate 26.5 
SKS-30n m 27.2 
SKS-50n s 29.4 
SKS-50p Ammonium paraffinate 49.14 
Qualitex* Natural rubber Natural proteins and resins 61.6 
Revultex Vulcanized rubber ue 60.1 


*Concentrate obtained by centrifuging. 


The characteristics of the latexes studied are given in the table. The coagulant salt solution consisted of 
59% water, 16% calcium chloride (calcined) and 25% cosmetic kaolin, The coagulant salt, to which Ca*cl, was 
previously added, was dissolved:in the requisite amount of water. The solution was filtered through two layers 
of silk gauze, and kaolin was then added with thorough stirring. The activity of the coagulant solution was deter - 


mined by the usual methods, 


0.1 ml of the coagulant solution was placed on a glass slide of fixed size (3 x 2.3 cm). The slide was then 
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meg/g 


Galcium equivalent 


0 20 90 60 80 100 120 
Deposition time, min 


Fig. 1. Variation of calcium equivalent with the time of deposition: 
1) L-4; 2) Qualitex; 3) SKS-50n; 4) SKS-30n; 5) SKS-10n; 6) SKS- 


SOp. 
dipped into the latex and kept there for a definite time. 
5 07 = } Rubber was deposited on the glass in the form of a gel. 
- rid io saan! The gel was removed from the glass, boiled for 30 min- 
4 = QOS oF “4 utes in water to remove free calcium chloride, dried, 
8 bd 203 E ; and weighed. It was then burned in a muffle furnace and 
Be Wa se the activity of the ash was determined by the usual meth- 
‘d este ! od. The calcium chloride content of the gel was calcula - 
5 fact Godpilaht codbenzation; of ted from the known amount of the coagulant solution ta- 
ken, its activity, and the activity of the gel. The 
Fig. 2.. Effect of coagulant concentration on the amount deposited was expressed in grams of dry solid per 
calcium equivalent and the amount of rubber area of the form (glass slide) which was 6.9 cm? in all 
deposited: 1) rubber deposited; 2) calcium the experiments. 


equivalent. The activities of the gels formed, i.e., their con- 


tents of bound calcium chloride per 1 g of dry solid de- 
posited, are plotted in Figure 1. The amount of bound 
calcium chloride is a constant value for a given latex, 
independent of the deposition time. 


uivalent 

£ ds 

S 

Ss 

) 
nat 


arta To determine how far this quantity (which we shall 
Bg 3 <3 term the calcium equivalent, as distinct from the cal- 
‘a 0020 cium number [6]) can serve for characterization of the be- 
< havior of the latex in ionic deposition, it was necessary 
o 1 to find how it depends on the concentrations of the co- 
agulant and the latex, and on factors known to influence 
0 Wb latex stability — temperature, dialysis, and natural or 
g artificial aging. 
Sa It is seen in Figure 2 that the concentration of the 
ra) coagulant solution does not influence the calcium equiv- 
E alent (these experiments were carried out with L-4 latex 
~ 0a and specially prepared coagulant solutions containing 
cs different amounts of calcium chloride), The amount of 


tb 0 7H i 4 0 rubber deposited increases with coagulant concentration, 


Latex concentration, Po Thus, the existence of the presumed [2] "electro- 
Figed.)/ Effects. of tutax-cotieentation'ont “é) chemical equivalent" or a definite quantity of cations 
enleluméaquivatanen*byemiount oP weeabode® necessary for the deposition of a definite quantity of rub- 
posited; 1) L-3; 2) SKS-50p; 3) L-6; 4) L-4; ber has been proved experimentally. 
5) Qualitex; 6) Revultex. We showed earlier [6] that the calcium number in 
latex coagulation does not depend on the concentration 
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Fig. 4. Effects of storage, artificial aging, and dial- 
ysis of the latex on the calcium equivalent: 1) dial- 
ysis; 2) storage; 3) artificial aging. 
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Fig. 5. Effect of deposition temperature on the cal- 
cium equivalent, 
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Fig. 6. Distribution of coagulant salt in the form- 
ing gel. Duration of deposition: 1) 30 minutes; 
2) 40 minutes; 3) 60 minutes; 4) 120 minutes, 


of the latex. This is not the case with regard to the 
calcium equivalent in fonic deposition (Figure 3a). 
Here the calcium equivalent decreases with dilution 
of the latex, Latexes L-3 and SKS-30p are exceptions; 
with these the calcium equivalent increases at first, 
and begins to decrease only beyond a definite concen- 
tration. This is probably because these latexes con- 
form to a peculiar relationship between the amount 

of rubber deposited (in 60 minutes) and the concen- 
tration (Figure 3b), characteristic for latexes con- 
taining salts of carboxylic acids as emulsifiers [2]. 

If the form coated with coagulant is dipped into la- 
tex above a definite concentration a gel is not 
formed, but a thin dense film is deposited on the 
form, making further diffusion of electrolyte into 

the latex impossible. As a possible explanation of 

this effect, one of us suggested that it is caused by 
differences in the solubility of the calcium salts of 
carboxylic and sulfonic acids [2]. 


However, the results of the present investiga - 
tion show that in the course of ionic deposition in- 
soluble calcium salts are formed in latexes contain- 
ing salts of both carboxylic and sulfonic acids, and 
proteins (natural latex), It seems that a more prob- 
able explanation is that based on differences in the 
character of the structures formed in the interaction 
of the emulsifier with the electrolyte [7]. The dif- 
ferent effects of the latex concentration on the cal- 
cium number and the calcium equivalent can be at- 
tributed to partial desorption of the emulsifier from 
the globule surfaces into the serum, which takes 
place on dilution of the latex. During coagulation 
the electrolyte reacts with all the emulsifier irre - 
spective of its location, The amount of bound cal- 
cium must therefore remain constant. If the latex 
is subjected to dialysis as well as dilution, when the 
emulsifier in the serum is removed from the system, 
the calcium number should decrease; this was found 
to be the case [6]. 


The concentration of the gel formed by ionic 
deposition is considerably higher than that of the 
original latex [2], i.e., the latex becomes diluted 
and relatively richer in serum during the deposition. 


The electrolyte which diffuses into the latex from the surface of the form reacts mainly with the protective sub- 
stance adsorbed on the globule surfaces; most of the protective substance in the serum takes no part in this in- 
teraction. Since the amount of protective substance on the globule surfaces decreases on dilution of the latex 
owing to desorption, the calcium equivalent must naturally decrease also. The extent of this decrease can serve 


as a measure of the degree of desorption. 


The probable explanation for the decrease of the calcium equivalent with increasing concentration of some 
latexes is that, as stated above, ionic deposition ceases in these cases, and is replaced by coagulation. 


The data in Figures 4 and 5 (for experiments with L-4 latex) show that the calcium equivalent greatly de - 
pends not only on the content of protective substance in the latex, but also in the stability of the latex. During 
natural or artificial aging of the latex the amount of protective substance in it remains constant, but its stability 
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decreases steadily owing to evolution of HCl, with a corresponding decrease of the calcium equivalent. This can 
probably be attributed to the decrease of the specific surface of the disperse phase which occurs during destabil- 
ization of the latex, owing to aggregation of the particles. Some of the protective substance is then trapped 
within the aggregates and does not interact with the coagulant electrolyte. 


A comparison of the effects of various factors on the calcium equivalent and the kinetics of ionic de posi - 
tion shows that the lower the calcium equivalent, the higher is the deposition rate and the more rubber is depos- 
ited on the form. However, this relationship does not hold for depositian from latexes of different concentrations 
(Figure 3). In this case, dilution of the latex results in a simultaneous decrease both of the calcium equivalent 
and the amount of rubber deposited. This is because of the less efficient utilization of the coagulant in dilute 
latexes. The formation of nonuniform gels confirms this. 


In comparisons of latexes with different protective substances, their behavior in ionic deposition (deposi - 
tion rate, amount of rubber deposited) cannot be predicted from a comparison of their calcium equivalents. This 
is only valid for similar latexes. A comparison of the variations of the calcium equivalent and technological 
properties of L-4 latex during artificial aging showed a satisfactory correlation between the calcium equivalent 
and the tensile strength of the gel[8]. A less satisfactory correlation is obtained with the yield of good-quality 
product, which varies much more rapidly than the other characteristics, The explanation is that the technologi - 
cal properties of the raw gels (for example, during stripping from the forms [9], inflation, etc.) depend in a very 
complex manner on all their physical and mechanical properties. They are therefore much more sensitive (es- 
pecially in the production of pilot balloons) to variations of the colloidochemical properties of the latexes dur- 
ing storage, artificialaging, etc. [10]. 


By the use of a radioactive tracer, it was possible to study the distribution of the coagulant salt in the rub- 
ber gel growing on the form. For this, gels deposited for different times from L-4 latex were dried without wash- 
ing and cut into several pieces across their thickness. These pieces were weighed, their thickness was measured 
in order to determine the average distance of the given gel layer from the form, burned, and the activity of the 
ash was determined, calculated per 1 g of gel. 


The results, given in Figure 6, show that the electrolyte diffuses very rapidly from the surface of the form 
through the growing gel, forming a salt layer, which ensures further growth of the gel, on the surface in contact 
with the latex, A part of the electrolyte becomes bound with the protective substance of the latex and takes no 
part in subsequent diffusion. The proportion of the bound salt increases with time of deposition. When all the 
salt has become bound (after 120 minutes in our experiments), further deposition ceases. The gradual decrease 
in the amount of salt diffusing into the latex accounts for the continuous decrease of the deposition rate with 
time [2]. 


SUMMARY 


1. The ionic deposition of rubber from latexes has been studied with the aid of Ca“cl,. 


2. The amount of calcium bound by one gram of rubber (the calcium equivalent) does not depend on the 
duration of deposition or the concentration of the coagulant salt solution. 


3. The calcium equivalent decreases with increasing dilution of the latex owing to the desorption of stabil- 
izer from the globule surfaces, 


4, The calcium equivalent bears a relationship to the stability of the latex. Owing to aggregation of the 
particles, the calcium equivalent decreases on dialysis, storage and artificial aging of the latex, and also on in- 
crease of the deposition temperature. 


5. There is a correlation between the variations of the calcium equivalent during aging of latex and the 
variations of gel strength, 


6. The distribution of the coagulant salt in the growing gel was studied, 
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THE STATES OF AGGREGATION OF HIGH POLYMERS 


1. STUDY OF THE LINEAR EXPANSION OF POLYMETHYL METHACRYLATE, POLYSTYRENE, 
POLY VINYL CHLORIDE, AND VINYL CHLORIDE-VINYL ACETATE COPOLYMER 


R.I. Fel'dman 


The question of the states of aggregation of high polymers has been attracting considerable attention re - 
cently, New data are available whereby it is possible to determine in greater detail the characteristics of the 
states of aggregation which distinguish high-molecular from low-molecular compounds. However, neither the 
terminology nor many of the concepts in this field have been finalized. Some authors include the glassy and 
high-elastic states on an equal level with the liquid and crystalline states among the states of aggregation, 
whereas others merely regard them as physical states, although this is too general a term. We consider the most 
apt term to be "state of aggregation)” which is determined from the standpoint of molecular physics, first, by 
the spatial coordination of the structural units (atoms, monomer units, separate sections, and whole macromole - 
cules); second, by the nature and intensity of the forces and bonds between the structural units, and finally, by 
the nature and intensity of thermal motion, Although this definition may also seem general, it excludes numerous 
physical states which do not conform to these criteria, such as the state of an electrified body, etc, The states 
of aggregation may vary continuously and steadily with temperature or change of concentration of an additional 
low-molecular component (solvent, swelling agent), In practice the variations are as a rule continuous only 
within certain limits, In phase transitions in low-molecular systems the variations become discontinuous, and 
the system enters abruptly into another state with a different course of variations. In polymer systems the 
transitions are diffuse owing to the relaxational nature of the processes leading to changes 
of state. This makes the identification of the individual states and determination of the boundaries between 
them somewhat arbitrary. The degree of detail in description and classification of different states and the trans- 
ition points corresponding to their boundaries is determined by practical requirements, Theoretical considera - 
tions, on the other hand, often lead to obliteration of the boundaries between individual states and unification 
of them in single concepts. For example, the glassy,high-elastic, and viscofluid states are unified in the single 
concept of the amorphous state. In the discussion which follows we consider the accumulated data on various 
details of changes in the states of aggregation, characterized by discontinuities of the variations of the proper- 
ties with the conditions determining the state. Such transitions are sometimes difficult to detect and often de - 
pend on the kinetics of the process, 


States of aggregation are studied with the aid of measurements of specific volume, linear dimensions, 
heat capacity, and mechanical, optical, and other properties as functions of the temperature. The thermographic 
method and siudies of the effects of the concentration of a low-molecular component in the system are some - 
times applicable [1-5]. The fundamental and more direct methods of structure study such as x-ray and electron 
diffraction, molecular spectroscopy, etc., unfortunately can be used only rarely for clarification of the states 
of aggregation of amorphous polymers. We used mainly two modifications of the dilatometric method: deter- 
minations of the volume and linear expansion. In the simplest cases, for isotropic materials, these modifica - 
tions give the same results, Anisotropic materials give more complex relationships, and the coefficients of lin- 
ear expansion depend on the direction of the orientation. The configuration of an oriented polymer with "fro- 
zen" deformation may alter within a certain temperature range without change of volume or independently of 
the volume change. Therefore linear dilatometry provides a more detailed picture of the behavior of materials. 


In such investigations we find a variety of states which by some criteria may be regarded as equilibrium 
states; more detailed study reveals their nonequilibrium nature. They occur as the result of retardation of cer- 
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tain processes, manifested by a considerable increase of the 
relaxation time, and may persist for long periods. The abil- 
ity of amorphous glassy materials to exist for a long time in 
states of different degrees of stability or, more accurately, 
of different proximity to the most stable state, is not always 
given its due consideration. 


Figure 1 represents, in generalized schematic form, 
the variations of state and transitions to other states of differ- 
ent degrees of stability in many organic and inorganic amor - 
phous materials. The heavy line represents the most stable 
states, attained by very slow heating and cooling. In the limit, 
the same states are reached in either direction. The other 
curves represent the possible volume changes on "rapid" 
heating and on cooling to various temperatures below the 
temperature of complete fluidity. Heating and cooling lead 
to reproducible states regardless of direction, if the temperature during heating does not exceed a certain value, 
characteristic for the given substance. Heating above this temperature favors a transition into another state of 
lower specific volume and evidently of lower enthalpy. Depending on the previous treatment of the material, 
the maximum heating temperature, and the rates of heating and cooling, it is possible to obtain hysteresis ef- 
fects in the volume or linear dimensions, in either a positive or a negative direction. This is evidence of the 
great significance of the history of the specimen in various tests and in practical utilization. Results of a similar 
nature are obtained in experiments on swelling followed by evaporation of the solvent at different rates. Anal- 
ogous but more complicated effects in anisotropic or previously deformed materials are more conveniently ob- 
served by studies of changes of the linear dimensions of the specimens in different directions. Spontaneous 
changes of volume and shape, leading to shrinkage of the articles under certain conditions, are of great practical 
importance. Thermal and other treatments of the tempering or annealing type are no less important for poly- 
meric materials than for metals. The experimental results given below have a direct bearing on these practical 
problems. 


Fig. 1. Generalized schematic representa - 
tion of the specific volume -temperature re - 
lationship for amorphous substances. 


EXPERIMENTAL 


The investigations were primarily based on dilatometric determinations. A mercury dilatometer of the 
usual type with a graduated capillary was used, However, most of the determinations consisted of measurements 
of the linear expansion of specimens of different shapes (rods, films, threads) and of various origins. A dynamo- 
meter of the Polanyi type, designed by N.V. Smir- 
nov, was used as the dilatometer. An important 
feature of the instrument was the accurate cutting 
of the thread of the main guide screw. Backlash 
of the guide nut with the dial was almost entire ly 
eliminated by means of a weight suspended from 
the screw. The scale was read with the aid of a 
vernier to an accuracy of lu. The length was gen- 
erally measured at 1° intervals. The temperature - 
control devices consisted of a separable shell with 
hollow walls, through which liquid was pumped 
from a thermostat, and an electric heater with a 
massive internal copper cylinder which ensured 
uniform temperature distribution inside the heater, 
The pitch of the screw and the thermometer placed 
near the specimen were calibrated before the de - 
terminations and at intervals between series of ex- 
periments, Length changes of specimens in the 
form of massive rods may be measured at zero 
load, or, if desired, with compensation of the 
weight of the specimen; changes in the dimensions 


Length change, arbitrary units 


Fig. 2. Effect of temperature on the length of a poly- 
methyl methacrylate specimen; P = 0,025. 
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of films and threads can only be measured under load. To take this factor into account, experiments were carried 
out under different loads (P in g/mm?), 


Polymethyl methacrylate, Anisotropic strips of the material, with internal stresses produced during indus - 
trial production, were tested. The results of tests over five heating and cooling cycles (total duration of the ex- 
periments was 13.5 days) are given in Figure 2. The decrease in the length of the strips with change of temper- 
ature from 85° (A) to 16° (B) was 3.1%. The coefficient of linear expansion a (cm/degree - cm) under these test 
conditions in the temperature range from ~5° to ~100° had a maximum value of 1.2:10~, It is seen in Figure 
2 that as the result of heat treatment the thermal stability of the material increased, the contraction began at 
higher temperatures (85, 89, 99°), and annealing became complete. The length -temperature relationship resem- 
bles the volume -temperature relationship shown in Figure 1, and reflects the transition of the system from one 
state into another of a different degree of stability. At 85-102° there is evidently a significant change in the 
state of the system. The chain molecules change their configuration, and the individual segments are more easi- 
ly mobile relative to each other. This transition is of practical importance, as pressed articles lose their shape 
at 85-100° and return to their initial shape. 


Polystyrene, The length variations of industrial pressed polystyrene specimens with temperature are shown 
in Figure 3; it is seen that the material passes from a less to a more stable state (Figure 3,a) and that it can be 
obtained in the less stable state if heated above 104° (Figure 3b). The system cannot be removed from a given 
state either by prolonged exposure to room temperature, or 
by variation of temperature if this does not exceed the first 


3 ! transition point of the experiment. Heat treatment decreases 
‘= 0 shrinkage, and raises the temperature at which the shrinkage 
oe begins. The decrease in the length of the specimen from 
Ms the beginning (A) to the end (B) of the tests was 0.50%, and 
5 ; with variation of the temperature from 98 to 103° it was 
rae 0.43% (Figure 3a), During the first heating from 94 to 99° 

= 4 the specimen shrunk by 0.13%, and in the second, between 
s 3 99 to 104°, by 0.04%, The change in the length of the spe- 
52 cimen during heating from 10° (A) to 116° (B) was 5.84% 
ae and from 10° (A) to 16,5° (K), it was 4.7% (Figure 3b). The 
ke 0 value of a in the range between 10 and 116° is between 


0.63: 1074 and 2.15: 1074, 


is 


10 20 30 490 50 60 70 80 90-100 NO 120°C 
b Polyvinyl] chloride, Films cast on glass and on mer- 


cury from solutions of PVC in dichloroethane and in chloro- 
benzene, and films made from the resin with a stabilizer by 
rolling and pressing, were tested. The average molecular 
weight of the polymer was 62,000. The results of tests for 
specimens with different histories are shown in Figure 4. 

The orientation caused by previous stretching or in the preparation of the films alters the appearance of the curve. 
The contraction which begins at a definite temperature shows that the polymer chains become fairly mobile and 
can be regrouped. The system passes into a more stable state, closer to a state of relative equilibrium at these 
temperatures, This mobility may arise by breakdown of certain weak bonds while stronger bonds are retained. 
The elongation which follows the contraction indicates the elimination of another group of bonds, resulting in 
even greater mobility and decrease of the relaxation time. Increase of the load in the tests gives regions of al- 
most constant length on the heating curves (Figure 4, Curve 4, temperature range 40-47°). No contraction occurs 
on heating in isotropic films cast on mercury or glass with subsequent heat treatment, The following experimental 
results illustrate the changes of linear dimensions, After two cycles of cooling and heating, a rolled film (Figure 
4, Curve 1) contracted by 11%. The coefficient of linear expansion varied between 0,77° 10 and.1.49- 10-4 in 
‘the temperature range from 14 to 97°. Film II, cast from solution on glass (Figure 4, Curve 3) contracted by 
5.54% on heating from 47 to 90°; a = 0.93: 1074,in the temperature range from 10 to 47°. The unstretched film 
Ill, cast from solution (Figure 4, Curve 4), lengthened by 130% from the start to the end of the tests, while a 2 
stretched film with a residual elongation of 6% (Figure 4, Curve 7) contracted by 10.5%, Previous heating de - 
creased the extension of unstretched specimens to 25% (Figure 4, Curves 5 and 6). The value of a in these test 
conditions, in the temperature range between 19 and 95°, varied from 0.45- 104 to 2.07-1074,* Figure 5 gives 


Fig. 3. Effect of temperature on the length 
of polystyrene specimens: a) without load; 
b) P = 0.33. 


*The general course of the length variations with temperature is shown in Figs. 2-4 and 6. The curves are drawn 
to different scales, and comparison of the absolute values for different specimens is not possible. 
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Length change, arbitrary units 
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Fig. 4, Effect of temperature on the length of polyvinyl! chloride film specimens 
(rolled and I-III): 1) rolled, oriented; P = 4.02; 2) I, from solution in chloroben- 
zene cast on glass, heated at 100°; P= 1.7; 3) II, from solution in dichloroethane 
cast on glass; P = 18.5; 4) II, from solution in dichloroethane cast on glass; P = 

= 61.6; 5) III, heated at 120°; P = 24; 6) III, heated at 160°; P = 17.3; 17) stretched; 
Eres = 6%; P = 60.3. 
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Fig. 5, Effect of temperature on the 
relative elongation of plasticized 
polyvinyl chloride; P = 5: 

— polyvinyl chloride + dibutyl 
phthalate; —* — polyvinyl chloride + 
tricresyl phosphate. 


Length change, arbitrary units 
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Fig. 6. Effect of temperature on the length of 
specimens of vinyl chloride -vinyl acetate co- 
polymer films; 1) not previously heated; P = 
= 10.7; 2) after heating; P = 7.5, 


the relative elongation-temperature relationships for films 
of plasticized PVC made on rolls with subsequent pressing, 

The transition points are displaced toward lower tempera - 

tures and the hysteresis loops increase with increasing plas- 
ticizer contents. 


Copolymer of vinyl chloride (85 wt. parts) and vinyl acetate (15 wt. parts). The length -tem perature rela- 


tionships were studied with anisotropic films cast on glass from solution in dichloroethane (Figure 6). Heat treat- 
ment at 160° eliminates orientation; this is reflected in the form of the relationship (Figure 6, Curve 2). The 
elongation from the start to the end of the tests decreased from 22.5 to 9.9%; a varied between 0.86: 10 and 


1.84: 10~ in the range from 23 to 101°, 
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Transition Temperature Points and Regions 


Transition, method of determination 


Polymethyl methacrylate 


T,, by induced elasticity 

By form of tensile failure 

Tg — glass transition temperature 

Ty — thermal expansion (start of break in curve 
Proton magnetic resonance 
Tg — thermal expansion (end of break in curve) 
Tm ~ 2nd order transition, by refractive index 
Ty — solidification temperature; dilatometry 
Tp — from coefficient of diffusion 

T; — élasticity temperature; mechanical properties 
Softening temperature; dilatometry 

Modulus (torsion) 

T, — glass transition temperature 

Softening temperature 

Proton magnetic resonance 

Softening point 


Polystyrene 


Change of the sign of birefringence 

Tp — induced elasticity 

Maximum relaxation time; birefringence 
Thermal volume expansion _ 

E.T. — "freezing temperature" 

Change of constant; birefringence 

Softening point (density from 1,04 to 1.065) 
Tm — 2nd order transition, by refractive index 
Tp — brittle point 

Appearance of rubberlike properties 

Softening temperature; dilatometry 

Tm ~ 2nd order transition; thermal expansion 
Tg — transition temperature; thermal expansion 
oe " " 

T, — solidification temperature; dilatometry 
T, — glass transition temperature; dilatometry 
T,, — from coefficient of diffusion 


T,., — 2nd order transition; thermal expansion (density 1.049) 


m 


T, — glass transition temperature (M.W. 19300 to 1675) 


Tm — 2nd order transition; heat capacity 
Modulus (torsion) 


Transition temperature of precipitated material; thermal expansion 
— dynamometric balance (M.W. from 794000 to 360) 


t 

Birefringence becomes constant 

Change of constant; birefringence 

Maximum loss factor; frequency 1 kc 
si : frequency 10 kc 


tp — dynamometric balance (M.W. from 794000 to 360) 


Polyvinyl chloride 


Frost resistance 


20 

45 

57 

57 

~60 

68 

ila, 

82 

from 84 to 86 

~90 

98 

~100 

105 

107 
from 125 to 130 

125 


from 20 to 25 
45 
from 44 to 48 
from ~60 to ~85 
from 70 to 80 
from 70 to 90 
from 70 to 100 
7544 
80 
~80 
81 
81 
81 
82 
82 
85 
from 86 to 88 
87 
from 89 to 40 
90 
from ~100 to ~110 
108.5 
from 109 to 17 
110 
from 120 to 140 
127.5 
138.5 
from 163 to 23 


Literature 
source 


[6] 
(7] 
[8] 
[9] 
[32] 
[9] 
[10] 
[15] 
[15] 
[8] 
[11] 
[35] 
[30] 
[38] 
[32] 
[8] 


[12] 

[6] 
[13] 

[9] 
[14] 
[13] 
[36] 
[10] 
[20] 
[17] 
[11] 
[18] 
[19] 

[9] 
[15] 
[34] 
[15] 
[20] 
[31] 
[21] 
[35] 
[19] 
[22] 
[13] 
[13] 
[34] 
[34] 
[22] 


[37] 
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(continued) 


Transition, method of determination Literature 
source 
T,, — stretched under load of 2 kg/mm? [23] 
t, — dilatometry [24] 
2nd order transition [8] 
Tm ~ 2nd order transition; thermal expansion [25, 26] 
Modulus (torsion) from ~75 to ~96 [35] 
T, — unstretched Lid [23] 
8 

E.T. — "freezing temperature” 17 (27] 
Proton magnetic resonance ~80 [32] 
Heat endurance 80 [37] 
Region of transition into high-elastic state; Aleksandrov-Gaev 

functiometer from 80 to 100 [28] 
Tp — brittle point 81 [16] 
tg ~ dynamometric balance (M.W. from 183000. to 3100) from 85 to 12 [22] 
Temperature of anomalous dispersion of dielectric constant; 

frequency 50 cps 90 [27] 
ty dilatometry 92 (11) 
Dielectric loss maximum at 60 cps 98 [8] 
Tr — start of high elasticity ~100 [8] 
Softening point 130 (33] 
Proton magnetic resonance ~135 [32] 
tg — dynamometric balance (M.W. from 133000 to 3100) from 169 to 17 [22] 
Softening temperature 180 [29] 


Control measurements of the lengths of the polymer specimens, carried out for several days (up to 60) af- 
ter the main tests, confirmed that the state reached was relatively stable and that the individual points were fully 
reproducible with small temperature fluctuations. Analysis of the graphs for the length-temperature relationships, 
given here only in part, provided extensive numerical data on the coefficients of linear expansion over definite 
temperature ranges, and on the transition points corresponding to discontinuities in the curves. All this material 
is primarily of practical interest. 


Analysis of this material leads to the following general conclusion. The coefficients of linear expansion 
and the transition temperatures are not very constant, and primarily depend on the previous history of the speci - 
mens and the kinetics of the changes leading to the state in question. Some of the transition points may be iden- 
tified with the glass transition and flow temperatures determined by the usual methods. However, the curves 
contain many other transition points, which indicate the existence of numerousstates of aggre gation in polymeric 
compounds, and which do not fit into the simple scheme of three states generally accepted for amorphous poly - 
mers. For these reasons, the literature data given in the table also differ considerably. Our method is fairly con- 
venient for determinations of transition points of every type, and for investigations of their dependence on vari- 
ous factors, relating both to the materials themselves and to the test conditions. The experimental data obtained 
in this investigation confirm conclusively the view, stated earlier, that nonequilibrium states of various degrees 
of relative stability are very common in high polymers. These results also emphasize the necessity for taking 
into account, in all investigations of the behavior of polymer materials, the previous thermal and mechanical 
history of the specimens used. 


SUMMARY 


1, The states of aggregation of high polymers were studied by measurements of the linear dimensions of 
specimens during heating and cooling to various temperatures, a dynamometer of the Polanyi type being used as 
the measuring instrument, Data were obtained for polystyrene, polymethyl methacrylate, unplasticized and plas - 
cized polyvinyl chloride, and viny] chloride-vinyl acetate copolymer. The following values were determined: 

a) coefficients of linear expansion; b) hysteresis effects in the establishment of states of different de grees of 
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stability; c) shrinkage in relation to previous heat treatment (chilling and annealing), and previous deformation. 
2. The transition temperatures so found were compared with literature data. 


3. It was found that the nonequilibrium states can persist for considerable periods of time; a system in 
such a state can only be brought into another state by alteration of conditions (such as temperature) beyond a 
certain limit. “Frozen” states can be regarded as sufficiently stable states for practical purposes within definite 
limits, 

4. The development of nonequilibrium states in polymers is associated with various hysteresis effects on 


the heating and cooling curves, 


5. These results can serve as a basis for practical methods of thermal tempering and annealing of articles 
made from polymers, in order to avoid undesirable shrinkage and spontaneous changes of shape in use. 


I offer my sincere thanks to Prof. S.I. Sokolov for his great interest in my work and for valuable guidance. 
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FRACTIONATION OF AMYLOSE ACCORDING TO 


THE DEGREE OF POLYMERIZATION 


je Hottov and Is Sizes thi 


As is known, the principal (carbohydrate) portion of starch consists of amylopectin and amylose. The amyl- 
opectin molecules are highly branched chains, approaching to the spherical in form, while amylose molecules 
have an unbranched or slightly branched chain structure. Both components are considerably heterodisperse. For 
complete characterization of heterodisperse substances it is necessary to have their molecular weight distribution 
(dispersion) curves or to know their dispersity limits. For example, in order to obtain definite physical properties 
for a given average molecular weight, the relative proportions of fractions of high and low molecular weight in 
a substance are not without significance. 


A knowledge of the molecular weight distribution of a substance is of great importance in studies of de- 
gradation and its mechanism, in comparison of the values of molecular weight found by different methods, and 
in determinations of the mechanical properties of materials [1]. The molecular weight distribution curve of a 
substance is usually determined as follows; the substance is separated into fractions, the average molecular weights 
of the separate fractions are found, and the molecular weights of the fractions are plotted against the amounts of 
them present. The preparation of standard samples with narrower limits of molecular weight is also carried out 
by the fractionation method. 


This paper deals with the fractionation of amylose. In determinations of the degree of polymerization 
from the intrinsic viscosity, and in other instances when the molecular weight must be determined accurately, it 
is necessary to obtain fractions with the narrowest possible molecular weight limits, Fractionation is especially 
important because films of excellent quality can be made from amylose [2] and its derivatives [3]. If an econ- 
omical method for the production of amylose could be found [2], such films could be used industrially. Several 
workers have studied this problem recently [4, 5,6]. Since all the properties of amylose films are determined by 
the average degree of polymerization and the molecular weight distribution, the development of relatively sim - 
ple methods for the determination of these characteristics is an important problem, There are several methods 
for the fractionation of amylose. 


1, Meyer's method [7] is based on the separation of amylose, at the preparation stage, into two fractions 
of different solubility in water. However, this method is not suitable for the purposes discussed above. 


2. Kerr's method [8, 9] is as follows. Diethyl ether is added to a solution of amylose in ethylenediamine 
until two liquid phases are formed. The upper phase contains amylose fractions of lower degrees of polymeriza- 
tion. Ether is added in such a manner that the weights of the individual fractions are approximately equal. The 
upper phase is separated from the lower, Excess of diethyl ether, causing separation of amylose, is then added 
to the upper phase, 


3. The method of Lansky, Kooi and Schoch [10]. To 10 liters of 1% amylose solution warmed to 80-85°, 
1.5 ml of normal octyl alcohol is added, The mixture is cooled with continuous stirring, and the precipitated 
fraction is extracted by centrifugation. The solution is warmed again; after addition of octyl alcohol it is again 
cooled with continuous stirring, and the next fraction is extracted from it. This process is repeated until the re- 
quired number of fractions has been obtained. Among the defects of this method are its lengthiness and the pos- 
sibility of contamination of the fractions as the result of the retrogradation which takes place simultaneously. 


4, Other methods. Mention should be made of Jirgensons' titration-precipitation method [11]. The prin- 
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ciple of the method is that the solubility of a substance in a given solvent depends on the molecular chain aes 
Jirgensons found that the concentration of the cooling agent required for separation of a given fraction 4 a linear 
function of the reciprocal molecular weight of the fraction. Fractionation can also be effected by solution of a 
nitrated or acetylated polysaccharide in a nonpolar solvent with subsequent precipitation of the separate frac- 
tions by addition of a polar solvent, Only this last method can be used for cellulose [1]. 


We developed a method for the fractionation of amylose, based on the formation of an amylose -iodine 


complex. 


The amylose -iodine complex. Of the components of starch, only amylose is colored blue by the action of 
iodine. Amylose molecules in aqueous solution are coiled in the form of deformed spirals [12], with iodine 
molecules contained in the individual turns. The arrangement of the spirals depends on the degree of saturation 
with iodine. When the saturation is complete, a complex is formed in which the spiral molecules of amylose 
form turns each consisting of six glucose rings, with the iodine molecules arranged singly in the planes of the in- 
dividual turns, The iodine molecules contained in the turns are acted upon by two different forces: on the one 
hand, the iodine molecule forms hydrogen bonds with the secondary trans hydroxy] groups of its surrounding glu- 
cose rings, and on the other, a polyiodine resonance chain is formed along the axis of the amylose helix. The 
dipole moments of the individual members of this chain are additive, and therefore its stability is a function of 
the number of members [14]. The amylose -iodine complex is in equilibrium with the free iodine present in so- 
lution, The longer the amylose helix, the lower will be the equilibrium iodine concentration at which it can 
absorb iodine, It follows from this relationship between the equilibrium iodine concentration and the degree of 
polymerization of amylose, and from the reversible nature of the equilibrium that when iodine is added to amy1- 
ose solution it is first absorbed by molecules of higher degrees of polymerization, This is confirmed by conduct- 
ometric and potentiometric titration data. 


The amylose -iodine complex is an unstable colloid which separates out of solution under the action of 
electrolytes, We used this fact for the fractionation of amy lose. 


Fractionation of amylose by formation of its complexes with iodine. The principle of the proposed frac - 


tionation method is based on the fact that amylose -iodine complexes are not formed simultaneously with amyl- 
ose molecules of different degrees of polymerization. When iodine solution is added to a solution of amylose, 
complexes are first formed with the molecules of the highest degree of polymerization; molecules of lower de - 
gree of polymerization do not react with iodine until the saturation of the former is complete. If an electrolyte 
is present in the solution, the complex formed separates out immediately. 


The fractionation was performed as follows.* 60 g of a complex of moist potato starch with butanol, con- 
taining 4.16% dry solids, was dissolved in 1100 ml of distilled water. The solution was evaporated down to 1000 
m1 under vacuum, butanol being removed in the process. 20 g of NaCl was added to the cooled solution, fol- 
lowed by 5 ml of 0.1 N I, solution in small portions with stirring. The solution was stirred for ten minutes and 
then centrifuged. The precipitate was the first fraction. To the clear solution 5 ml of 0.1 N I, solution was ad- 
ded again, the solution was stirred and centrifuged, and the second, third, fourth, and fifth fractions were consec- 
utively separated in a similar manner, After removal of the fifth fraction the blue color of the solution disap- 
peared, and the solution became yellow on addition of excess iodine, indicating absence of amylose in the solu- 
tion, 


Before the subsequent treatment the fractions were kept in a refrigerator, no signs of retrogradation being 
observed, (According to our observations, the amylose -butanol complex can also be kept for several months at a 
low temperature without retrogradation.) The individual fractions were then treated as follows. 


5 ml of 0.1 N NaS,Og solution was added to each fraction. All the fractions dissolved on stirring, forming 
colorless opalescent solutions, These were filtered through G-3 glass filter crucibles, The filtered solutions were 
weighed, A 10 g sample was taken from each fraction for determinations of the carbohydrate content after hy - 
drolysis by the Bertrand method, The amounts of amylose in each fraction and the concentrations of the solutions 
were found in this way. 2.5 ml was taken from the solution of each fraction. Each portion of 2.5 ml was intro- 
duced into an Ostwald capillary viscosimeter; 2.5 ml of 2 N KOH solution was added, the liquids were mixed, 


*This method cannot be used for fractionation of starch solutions obtained by decomposition in an autoclave, as 


the amylopectin which is present in large amounts acts as a protective colloid and the iodine -amylose complex 
does not separate out in the pure state. 
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and the viscosity determined, To the 5 ml of solution in the viscosimeter a further 5 ml of 1 N KOH solution 
was added, the liquids were mixed, 5 ml of the mixture was removed by means of a pipet, and the viscosity of 
the 5 ml of solution remaining in the viscosimeter was determined. 


This dilution and determination procedure was repeated 5 or 6 times, which gave the solution viscosity as 
a function of concentration. The intrinsic viscosity [n] was found by extrapolation to zero of the plot of the log- 
arithm of the specific viscosity against the concentration, The results obtained are given in the table, which 
also gives the approximate degree of polymerization of amylose in each fraction, calculated from the values of 
[n] by means of the Potter and Hassid equation [15]. 


Characteristics of Potato Amylose Fractions 


Serial number of Amount of] Concentra- | Amount of | Fraction as Degree of 
fraction solution, tion of fraction, % of total polymerization 
ing solution, in mg [15] 
in mg 


Original, unfraction- 
ated amylose 


Wheat and maize amyloses were fractionated by a similar procedure. However, as these amyloses exhibit 
more rapid retrogradation than potato amylose under the same conditions, they must be treated within 1-2 min- 
utes after being dissolved in thiosulfate solution, 


It is also interesting to note that the narrower the fraction, the greater is its tendency to retrogression. 


SUMMARY 


1. Amylose in aqueous solution reacts with starch to form a complex compound which is in equilibrium 
with free iodine in the solution. The higher the molecular weight of the amylose, the lower is the equilibrium 
concentration at which iodine is absorbed, 


2. Amylose is a heterodisperse substance. The formation of amylose -iodine complexes proceeds consecu - 
tively; iodine first combines with amylose molecules of the highest degree of polymerization, and then with 
molecules of lower degrees of polymerization as the iodine concentration is increased. 


3. A simple method for the separation of amylose into fractions of different degrees of polymerization is 
proposed; the method is based on the above-mentioned consecutive formation of amylose -iodine complexes, 
and separation of the latter with the aid of electrolytes present during the formation. 


4, This method was used to separate potato amylose with average degree of polymerization 900, into five 
fractions with different degrees of polymerization, from 1070 to 350, Wheat and maize amyloses were frac- 
tionated similarly. 
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INFLUENCE OF ELECTROLYTES ON THE COAGULATION OF 
COLLOIDAL PARTICLES AT THE LIQUID-GAS INTERPHASE 


R.V. Shveikina and S.G. Mokrushin 


One of the authors of the present paper [1] used gelatin foam for the removal of colloidal substances from 
solutions. This method was used for extraction of colloidal particles of silver, gold, arsenic, antimony, mercury, 
antimony sulfide, and other sols. The method proved to be suitable for the separation of colloidally and mole - 
cularly dissolved substances. In particular, it was found to be possible to separate mixtures of ferric hydroxide, 
gold, silver, mercury, and antimony sulfide sols and true solutions of the sulfates of cobalt, copper, and nickel. 
On addition of gelatin to the solution, the colloidal particles became surface -active and passed spontaneously 
to the liquid-gas interface. Because of their high concentration on the bubble surfaces, the sensitized colloidal 
particles coagulated [2] and were removed from the solution with the foam. 


In a study of the kinetics of the capture of colloidal particles by air bubbles, and of the influence of the 
amount of gelatin added, it was found [3] that there is a certain optimum amount of gelatin which gives the high- 
est rate and degree of extraction. The degree of extraction decreases with an excess of gelatin. 


The extraction process is also influenced by a number of other factors; in particular, electrolytes cause 
quite appreciable changes. The extraction process is closely associated with foaming, which also greatly depends 
on the presence of electrolytes. Reference must be made in this connection to investigations [4-6] in which it 
was shown that electrolytes increase the foaming of solutions by making the foams more stable. 


The aim of the present investigation was to determine the influence of certain electrolytes on the kinetics 
of the extraction of colloids from solutions by means of gelatin foam. Hydrosols of antimonious sulfide, gold, 
and ferric and titanic hydroxides were used. 100 ml of the colloidal solution, with the electrolyte and 1% gelatin 
solution added, was placed in a vertical glass tube about 1 meter high and 40 mm in diameter, with a porous 
plate at the lower end. Air was blown through the solution at a constant pressure of 100 mm Hg. The foam 
which was formed removed the colloidal particles adsorbed on the bubbles. The degree of extraction was deter- 
mined at equal time intervals by means of a photoelectric colorimeter. 


In the experiments with antimonious sulfide and gold sols, which have negatively charged particles, solu- 
tions of the following salts were used as the electrolytes; KNO3, NaNO3, LiNOs, Ba(NOg3)2, St(NO3)2, Ca(NO3)2, 
Al(NOs)3, Th(NO3)4, Z1(NOg)q. 


The results of the experiments are given in Figure 1; it is seen that the degree of extraction of the dis- 
perse phase of a hydrosol increases in presence of electrolytes. The extraction is greater in presence of salts 
with bivalent cations than of salts with univalent cations. 


It might be expected that the positive influence of cations on the extraction process should increase with 
increasing valence of the cation, as is the case in coagulation. The experiments showed, however, that the ef- 
fects of tri- and quadrivalent ions are different from those expected (Figure 1). For example, the degree of ex- 
traction in presence of Al(NOg), is less than in presence of bivalent ions, while with thorium or zirconium salts 
the degree of extraction is even less than it is in absence of electrolytes, The acceleration of the extraction of 
the disperse phase from hydrosols may be attributed to growth of the colloidal particles under the influence of 
electrolytes, which lower the zeta potential of the particles. However, growth of the particles accelerates the 
extraction only up to a certain limit. 
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Extraction, % 


12 175 min 


Fig. 1. Kinetics of extraction of 0.0025% Sb2Ss: 
1) without electrolyte; containing 1 millimole 
of; 2) KNO3; 3) LiNO3; 4) Al(NO3)3; 5) 
Ca(NOg)9; Ba(NO3)2; 6) St(NO3)2; 7) Th(NOg)4; 
8) Zr(NO3)4. 
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Fig. 2. Effects of electrolyte concentrations 
on the kinetics of extraction of 0.005% SboSz: 
1) without electrolyte; containing the follow- 
ing electrolytes (in millimolar concentrations); 
2) 0.5 of KNO,; 3) 2 of KNOg; 4) 5 of KNOg; 
5) 0.2 of Ca(NOg3)2; 6) 0.5 of Ca(NOg)9; 7) 1 
of Ga(NOg)p. 


Fig. 3. Effects of electrolyte concentrations on 
the kinetics of extraction of 0.005% Sb2S,: 1) 
without electrolyte; containing the following 
electrolytes (in millimolar concentrations); 2) 
0.01 of Al(NOg)93 3) 0.1 of Al(NOg),; 4) 0.01 
of Th(NO 3)4; 5) 0.1 of Th(NOg,),. 


It was found in the experiments that when visible 
coagulation occurs with fairly large colloidal aggregates 
present, the degree of extraction decreases because trans- 
fer of the large particles to the liquid-gas interface be - 
comes more difficult. This accounts for the decreasing ef- 
fect produced by the following salts: Al(NO3)3; Th(NOg)4; 
Z1(NOg)4. 


The influence of electrolytes on foaming must be 
noted. In the presence of most electrolytes foaming is 
intensified, the effect increasing with increasing electro- 
lyte concentration. The foam becomes more finely cellu- 
lar and abundant, and the height of the foam column in- 
creases. The salts of quadrivalent cations, Th(NOg3)4 and 
Zr(NOs)4, have a specific action on gelatin, lowering its 
foaming power and the extraction of the colloid. This 
was confirmed by experiments with gelatin solutions con- 
taining added electrolytes, Similar results were obtained 
in experiments with gold hydrosol. 


Ions of the same valence but differing in the de- 
gree of hydration have different effects on the foam ex- 
traction of colloids; Lit, Nat and K* were studied. The 
lithium ion proved to be the most effective (Figure 1); 
this ion has a smaller radius than the sodium or potassium 
ions, and is the most highly hydrated. This evidently ac- 
counts for the increase of the foaming power of gelatin 
produced by the Li* ion, and for the associated accelera- 
tion of the extraction of the disperse phase. The bivalent 
ions Ca”*, Sr?* and Ba?* did not show any great differences 
in their influence on the kinetics of extraction. However, 
Sr?* produces a somewhat greater effect than the others 
(Figure 1). This ion favors the formation of more stable 
and abundant foam [6]. 


Figure 2 shows that the extraction of the disperse 
phase increases with increasing concentrations of the ad- 
ded salts. The same is found with additions of Al(NOg)s, 
as is seen in Figure 3. However, Th(NOg,), is an exception. 
The experiments showed that the degree of extraction in 
presence of this salt is lower at higher concentrations 
(Figure 3). This is probably associated with the influence 
of thorium ions on the foaming power of gelatin, which 
becomes very weak. On the other hand, the multivalent 
thorium ion can decrease the zeta potential of the col- 
loidal particles considerably, and this leads to their ex- 
cessive growth. As was stated above, this hinders extrac- 
tion. 


Hy drosols of Fe(OH)3 and Ti(OH),, which have 
positively charged particles, were used in studies of the 
effects of salts with different anions. It was found that in 
this case also the effect depends on the valence of the 
ion, It was found that KCl] and K,SQ, increase the degree 


of extraction of the colloids, KpSO, being the more effective (Figure 4), At low concentrations (0.01 millimolar), 
Kg[Fe(CN)g], a salt with a trivalent anion, had a somewhat stronger effect than K,SO, on the extraction process. 
However, the degree of extraction fell appreciably when the concentration of this salt was increased 10-fold 


(Figure 4), 
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Fig. 4. Kinetics of extraction of Fe(OH),: 
1) without electrolyte; containing the fol- 
lowing electrolytes (in millimolar con- 
centrations): 2) 0.1 of KCl; 3) 0.01 of 
KpSQ,4; 4) 0.01 of Ks[Fe(CN)¢]; 5) 0.1 of 
KSQ4; 6) 0.1 of Kg[Fe(CN),]. 


J 6 P28 “We min 


Fig. 5. Kinetics of extraction of Fe(OH), 
from solutions: 1) without electrolyte; con- 
taining: 2) KCl; 3) KBr; 4) KI. 


The results of experiments on the influence of KI, KBr 
and KCl on the kinetics of extraction are given in Figure 5. The 
strongest effects were produced by KI and KBr, Similar results 
were obtained in experiments with Ti(OH), hydrosol. The ions 
can be arranged in the following sequence according to their 
effects on the degree of extraction of colloids: I” > Br’ >Cl. 
It is possible that in this case the increase of the negative charge 
of the surface at the phase boundary in presence of these ions 
has an effect by facilitating the transfer of positively charged 
colloidal particles to the bubble surfaces, followed by surface 
coagulation. This is in agreement with Frumkin's paper [7], 
where it is stated that anions accumulate preferentidlly on sur- 
faces of solutions, particularly the less hydrated ions, and the 
negative potential of the surface is accordingly increased in 
presence of halide anions in the following sequence: F < Cl” < 
SUBIC G 


SUMMARY 


1. The influence of certain electrolytes on the extraction 
of the disperse phase from colloidal solutions has been studied. 


2. The influence of salts on the extraction process depends 
on the valence and the degree of hydration of their constituent 
ions. 


3. The degree of extraction is associated with the ag- 
gregation of colloidal particles under the action of electrolytes 
and with the foaming power of gelatin. 
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THE SITE OF POLYMERIZATION OF UNSATURATED COMPOUNDS 
IN SYSTEMS CONTAINING PROTECTIVE COLLOIDS 


A.S. Shevliakov and K.S. Minsker 


One of the widely used methods for polymerization of unsaturated compounds is polymerization in aqueous 
emulsions. The degree of dispersion and the properties of the polymers formed depend on the nature of the pro- 
tective colloid used. The mechanism of polymerization in presence of substances of the soap type has been 
studied in a number of investigations [1-5] from which it follows that the elementary processes; chain initiation 
propagation, transfer, and termination, may take place in different parts of the colloidal system —in a true solu- 
tion of the monomer in water, in the emulsifier micelles, at the interphase boundary, within the monomer drop- 
lets, and on polymer particles, 


The no less important method of polymerization in presence of protective colloids of the gelatin or poly- 
vinyl alcohol type has not been studied sufficiently from this aspect [6], while it was concluded on general kin- 
etic considerations that the process takes place within the droplets of the emulsion by a mechanism identical to 
that of block or bulk polymerization [7-10]; this method is therefore sometimes described as the microblock 
method. However, our experimental results obtained in a study of the polymerization process in presence of 
various emulsifiers and catalysts contradict this concept of the mechanism of microblock polymerization, It 
was found that in such cases the polymerization may occur both in the monomer droplets and in the aqueous 
solution of the monomer, and the site of polymerization evidently depends primarily on the nature of the mono- 
mer and catalyst and much less on the nature of the emulsifier.. 


The method consisted of the polymerization of monomers, colored with dyes insoluble in water, in presence 
of various catalysts and emulsifiers, followed by analysis of the polymer formed. It was presumed that if poly- 
merization takes place in the monomer droplets the polymer should be colored, while if the reaction occurs in 
solution the polymer should be colorless. If the polymerization takes place in different parts of the system, the 
coloration of the polymer particles should vary. 


2 kg of water containing the emulsifier, 0.5 kg of the monomer colored with 0.1 g of dye, and 0,03 molar 
% of catalyst was placed in an autoclave fitted with a stirrer and completely immersed in a thermostat. The 
polymerization temperature was 45° in all cases, Sudan Red was used as the dye; this is soluble in the monomer 
and insoluble in water. This dye is not affected by catalysis under the polymerization conditions used, it is al- 
most insoluble in emulsifier solutions, and has little inhibiting effect on the polymerization process. The sta- 
bility of the dye in presence of catalysts and its insolubility in emulsifier solutions was confirmed by special ex- 
periments in which the optical densities of: the solutions were determined. 


The effect of the solubility of the catalyst was studied in the polymerization of vinyl chloride (VC) in 
presence of gelatin and the following catalysts; potassium persulfate (PPS), azobisisobutyronitrile (ABN), and 
benzoyl peroxide (BP), PPS, which is insoluble in the monomer but soluble in water, gave a white, uncolored 
polymer with a small number of larger colored particles, The dye was displaced from the system to the surface 
of the aqueous phase. When ABN, which has limited solubility in water, was used, the polymer formed consisted 
of a mixture of colored and colorless particles, Investigation under the microscope revealed that about half the 
particles were bright red. A few single and aggregated particles had different degrees of coloring. With BP, 
which is insoluble in water, a colored polymer containing only rare white grains was obtained. 


Both the colored and the colorless particles were roughly from 5 to 100y in size, and consisted of clumps 
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of closely adhering and even coalescing smaller particles of irregular rounded shape. The colored particles in- 
cluded a small number of transparent, apparently monolithic grains in which individual constituent particles 
could not be detected. All the uncolored white grains consisted of smaller particles. The intrinsic viscosity in 
cyclohexanone of the white grains isolated from the general mass was 0.9 poise; of the red grains, containing 
some white as an impurity, owing to the difficultly of separating them, 0.69 poise; and of the polymer as a 
whole, 0.74 poise. The viscosity of the colored polymer, corrected by extrapolation, should be about 0,6 poise. 


The intrinsic viscosities of polymers obtained by bulk polymerization of colored and uncolored VC differed 
by 0.03, the absolute value being about 0.6 poise. 


Experiments were carried out with the aid of an apparatus [1] consisting of two evacuated glass vessels con- 
nected at the top in order to establish the possibility of polymerization of the monomer in emulsifier solution 
without formation of an emulsion.* One vessel contained a filtered solution of the emulsifier, and the other, 
the monomer. The vessel was shaken in a thermostat; the monomer distilled over isothermally into the emul- 
sifier solution and polymerized there. These conditions corresponded to polymerization in absence of monomer 
droplets [2]. 


The rate of polymer formation in 1% gelatin solution at 50° was 18 g/liter: hour with the water-soluble 
catalyst PPS, 16 g/liter- hour with the partially soluble ABN, and 0.5 g/liter: hour with the insoluble BP. Be- 
cause of the negligible solubility of BP and the low solubility of ABN, the vessel with the emulsifier contained 
a reserve supply of the catalyst sewn in a cotton bag. At the end of the experiment the bag with BP increased in 
volume owing to formation of polymer on the catalyst crystals, while the emulsifier solution remained clear. 
When ABN and PPS.were used, the polymer was in suspension in the aqueous phase. 


The effect of the nature of the emulsifier was studied on solutions of photographic gelatin, polyviny! alco- 
hol, and the so-called MK emulsifier, which is a mixture of sodium salts of aliphatic sulfonic acids containing 
from 12 to 18 carbon atoms, The first two emulsifiers are typical for the production of polymers by the micro- 
block or suspension methods; the latter is one of the most powerful emulsifiers which gives latexes of a fairly 
high degree of dispersion. 


The polymer obtained with the use of polyvinyl alcohol had larger particles, and contained somewhat more 
completely colored particles, than the polymer obtained in presence of gelatin. Polymerization in presence of 
MK with PPS catalyst yielded an entirely uncolored highly disperse polymer, while the dye was displaced from 
the system to the surface of the aqueous phase. A small amount of dye crystals remained in the polymer, but the 
dye was easily removed by washing the polymer with a solvent, in contrast to the colored polymer grains, which 
remained unchanged when so washed, 


The emulsifier concentration was varied between 0 and 2% in the polymerization of vinyl chloride with 
ABN and PPS. Polymerization with ABN in absence of emulsifier gave lumps of colored polymer floating in 
transparent water; it contained very occasional white particles. The polymer obtained with PPS was very fine, 
pinkish in places, partially aggregated into fairly hard globules the size of peas. The pinkish regions were easily 
decolorized by treatment with solvent. The rate of polymerization differed little from the rate when emulsifiers 
were used. 


In 0.5% gelatin solution with ABN an intensely colored polymer was formed, with a small number of color- 
less grains, In 1% solution more than half of the polymer consisted of colorless grains, which were all larger than 
the colored. The polymer formed in 2% gelatin solution was almost the same as this, but its dispersity was some - 
what greater, With PPS, the polymer particles were small and only a small proportion of them was colored. 


Different monomers, such as vinyl chloride, methyl methacrylate, and styrene, when polymerized under 
the same conditions, yielded polymers which differed in dispersity and the ratio of colored to uncolored particles, 
The dispersity of the colored and colorless grains of vinyl chloride polymer was of the same order. Methyl meth- 
acrylate polymer consisted of a large number of large colored particles, 3-4 times as large as the highly dis- 
perse white particles suspended in the aqueous phase. Polymerization of styrene gave a similar result, 


DISCUSSION OF RESULTS 


In all the experiments on the polymerization of intensely colored monomers varying amounts of completely 


*The determinations were performed by B.F. Teplov. 
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colorless polymers were obtained, both by latex and by microblock polymerization. 


The results of experiments on polymerization with different catalysts and emulsifiers are given in the table; 
it is seen that the ratio of colored to colorless particles is primarily determined by the nature of the catalyst. The 
greater the solubility of the catalyst in water, the larger isthe amount of uncolored polymer formed. 


A similar relationship between the solubility of the catalyst and the ratio of the colored to colorless poly - 
mer formed was found in the polymerization of methyl methacrylate and of styrene. 


The formation of a considerable amount of colorless polymer from a colored monomer in coarse emulsions 
in presence of partially water-soluble catalysts is evidence of the important part played by the mechanism of 
polymerization in solution, and refutes the earlier view that the reaction proceeds in microblocks only. If the 
catalyst is insoluble in the monomer and readily soluble in water, the reaction proceeds exclusively in solution 
and a colorless polymer is obtained, the dye being displaced from the system. It is hard to believe that in this 
case chain initiation and growth occur at the phase boundary, as with such close contact between the polymer 
molecules and the droplets of colored monomer the polymer would inevitably retain some colored monomer and 
would itself be colored. 


Polymerization of the monomer in solution also easily accounts for the long-known fact that most of the 
polymer particles formed are considerably smaller than the emulsion droplets. 


Influence of the Nature of the Catalyst on the Ratio of Colored to Uncolored Particles in the Polymerization of 
Viny1 Chloride in Presence of Various Emulsifiers 


Emulsifier Appearance of polymers obtained in presence of different catalysts (BP, ABN, PPS) 
BP ABN PPS 
1% gelatin All particles brightly Colored particles, ~40%; | All polymer white; a small 
colored; very few white white, ~60%; white number of large colored 
particles; particle size particles somewhat particles; small particles 
5-100u larger than red; particle |. <5y 
size 5-100u 
1% polyviny1 alcohol Same Same, somewhat larger 
particles 
270 MK All grains colored, but All the polymer white and 
color less intense; a highly disperse 


few large white grains; 
dispersity as of latex 


Without emulsifier ? All the polymer colored; | All the polymer white, fine, 
a few white inclusions partially aggregated into 
peas 


A comparison of the polymerization rates in emulsifier solutions without formation of emulsions, with 
vapor-phase feeding of the system, and in emulsions without emulsifiers gave values of the same order as the 
rate of ordinary microblock polymerization. The determining factor in polymerization in aqueous solutions is 
probably the rate of polymer formation, The monomer concentration should be restored much more rapidly in 
solution, as only in this case can the rates of polymerization in emulsions, in aqueous solutions without emulsi - 
fier, and with vapor-phase feeding of the monomer be approximately the same. 


In emulsion polymerization the monomer can pass from the droplets into micellar or molecular solution 
both through the vapor phase which is always present over the emulsion, and by a mechanism analogous to iso- 
thermal distillation in the liquid [11]. As was shown above, the rate of these processes is evidently greater than 
the rate of polymer formation, Since the rate of polymerization in molecular solutions (in emulsions made 
mechanically without the use of emulsion stabilizers) differs little from the rate of emulsion polymerization, it 
may be assumed that the role of polymerization of the monomer in true solution is quite important. 


By separation of the polymer according to its formation mechanism (in microblocks or in solution) it was 
possible to evaluate each type separately. The considerable difference between the intrinsic viscosities of these 
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parts of the polymer confirms the nonuniform distribution of the inhibitors and other factors which determine 
chain termination. Under equal conditions this nonuniformity should affect the increase of the polymerization 
rate in solutions, 

SUMMARY 


1, The topochemistry of the polymerization of certain monomers in aqueous emulsions with different cata- 
lysts and emulsifiers was studied. 


2. It is shown that in microblock polymerization (by the suspension method) the polymer is formed not 
only in the monomer droplets but also in solution. 


3. The amount of monomer formed in solution depends primarily on the nature of the catalyst. If water - 
soluble catalysts are used, the polymer is formed predominantly in solution. In presence of catalysts soluble in 
the monomer and water, the amount of polymer formed in solution depends on the solubility of the catalyst. 


4. By polymerization of monomers containing dyes, it is possible to separate the polymer according to the 
site of its formation in the system, 


5. The important role played by polymerization of monomers in true aqueous solution is demonstrated. 
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THE ADSORPTION OF SIMILARLY CHARGED IONS IN THE COAGULATION 
ORTSOLS BY ELECTROLYTES 


1, RADIOMETRIC MEASUREMENTS 
A.M. Shkodin and L.D. Shaposhnikova 


oe 

There isno agreement concerning the nature of the adsorption of electrolytes by Fe,O3, Al,O, and 
other sols during their coagulation. Kargin and his associates [1, 2] concluded that the adsorption of electrolytes 
is molecular in character. Krestinskaia and Khakimov [3, 4] hold the opposite view. According to their data, 
the micelles of Fe,Os, Al,O3 and SiO, sols adsorb ions of opposite charge only; ions of the same sign are not ad- 
sorbed, Glazman, Strazhesko and Tartakovskaia [5, 6] used a tracer atom method to establish in contradiction 
to published data [7] that sols of As 253» HgS, Agl, V2Os, and MnO, adsorb only negligible amounts (1-2 micro- 
euteoh per g of disperse phase) of similarly charged ions when coagulated with solutions of NaH», po, and 
K,S"°O,. 


We were interested in this question in connection with a study of the effects of the nature of electrolytes 
on the foaming of ferric, aluminum and chromium hydroxide sols, It had been shown [8-10] that in presence of 
certain electrolytes (for example, the acetates of copper, lead, zinc, or cobalt) abundant and stable foams are 
formed by sols of Fe(OH), Al(OH), and Cr(OH),. In these cases a surface film is formed very rapidly on the so- 
lution-air interface, The processes of foaming and film formation are associated with coagulation of the sols 
[9,11], and the optimum foaming conditions precede visible coagulation, Both according to our data and to the 
results of others [12], anions as well as cations influence the foaming of sols. 


Al(OH), sol prepared from aluminum chloride by Vasil'ev and Rabinovich's method was used for the inves- 
tigation. The sol was dialyzed until free from chloride ions. The coagulating electrolyte was zinc acetate 
tagged with radioactive zinc isotope. We determined the adsorption of the similarly charged ion in the surface 
film formed at the sol-air boundary, and not in the coagulation product as was done by other authors, This film, 
as was stated above, is formed almost instantaneously in presence of certain metal acetates, and can be easily 
transferred to a glass or metal plate [8-11], as was done by Blodgett, Langmuir and Schaefer in their investiga - 
tions of fatty acid and protein monolayers. In our opinion, experiments with films are more definite than exper - 
iments with coagulant, For a number of reasons it would be interesting to use copper acetate as the at Sail 
but the half life of Cu®™ is so short (12.8 hours) that this salt could not be used in our experiments, The Zn® iso- 
tope with a half life of 250 days is more convenient from this point of view, and it was therefore used in our ex- 
periments. 


The experiments were performed as follows; a mixture of 10 ml of aluminum hydroxide sol (the sol con- 
centration was 0.876 g Al,Og per liter) and 20 ml of 0.2 N zinc acetate solution was put into a Petri dish. The 
film which was formed was transferred to a thoroughly polished glass plate by flatwise contact ("immersion") of 
' the plate with the surface of the solution. The plate was fitted with a glass holder. After the application of each 
monolayer the film on the glass plate was washed with distilled water. The volume of water was determined by 
preliminary experiments with tests for absence of radioactive zinc in the last portions of the wash water. The 
plate with the film was then dried to an air-dry state at room temperature, After the drying, the next monolayer 
was applied, and the film was washed and dried again, The operation was repeated 130 times. 


The adhesion of the film to the glass plate is shown clearly by changes of the interference colors. and by the 
increase in the weight of the plate. The increase in weight after 130 immersions was 0.96 mg (a microbalance 


was used for the weighing). 
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The activity of the zinc present in this amount of film was 176 pulses/minute. For determination of the 
specific activity of the original zinc acetate solution tagged with the radioactive isotope, two drops (0.118 ml) 
of the solution were placed on the plate. This volume contained 1.543 mg of zinc, the activity of which was 
20,670 pulses/minute, i.e., the specific activity of the original solution was 175,170 pulses/minute per ml. 


The amount of zinc in 0.96 mg of film was calculated from these data; this was 0.0131 mg or 1.4% on 
the weight of the film, or 42 meq per 100 g of dry film. This is of the same order as the value found by Dmit- 
renko, Kargin and Riabinina [1] in the molecular adsorption of silver nitrate by ferric oxide gel. 


It might be suggested that zinc is adsorbed on the glass. However, in our experiments adsorption on glass 
was possible only in the first immersion of the plate in the sol and zinc acetate solution. In subsequent immer- 
sions adsorption of glass is impossible, as the glass surface is already covered with a film of aluminum hydroxide. 
Nevertheless, we tested for the adsorption of zinc on the glass. A glass plate was immersed in a solution of zinc 
acetate without sol, washed with 50 ml of water, and dried. No activity was detected on the plate after the first 
immersion, and the activity was only 30 pulses/minute after 130 immersions, This is only double the back- 
ground activity, indicating that the adsorption of zinc on glass is negligible if the contact between the glass and 
the solution is brief. The experiments were carried out at a pH value which excluded the formation of zinc hy- 
droxide (the zinc acetate solution was acidified with acetic acid) and therefore insoluble Zn(OH), could not be 
present in the film. 


Analogous experiments were performed to study the adsorption of silver from silver acetate solution by fer- 
ric hydroxide sol prepared from FeCl,. Radiometric determinations showed that up to 4-6% of silver, calculated 
on the film weight, was adsorbed. However, in this case silver chloride may be formed and enter the film. 


We do not attribute our result to adsorption of similarly charged ions, i.e., of hydrated zinc ions. As has 
already been reported [8], in studies of the influence of electrolytes on the coagulation of sols (in this instance, 
on the formation of boundary films) it is necessary to take into account the form in which the ions of the coagu- 
lant electrolyte are present in the solution. 


It is known [13], for example, that halides of zinc, cadmium, copper, and other metals are present in solu- 
tions not only as simple hydrated ions, but also as complex hydrated ions of the types MHy*, MHy,, and MHyj . 
These metals form similar complex ions with acetate ions. For example, the existence of the following ions 
has been established [14] for copper: [Cu(CH3COO)(HgO)3]*; [Cu(CH3COO)3H,O] ; [Cu(CH,COO),]” , and it 
was found that the most stable of these is [Cu(CH,COO),} , with an instability constant of »10-“, We there- 
fore consider that in our experiments the positive Al(OH), sol adsorbed zinc in the form of complex negatively 
charged ions: [Zn(CHgCOO),H,O]” and [Zn(CH,;COO),}" . 


In our opinion, Krestinskaia and Khakimov [4] failed to detect the adsorption of zinc in the coagulation 
of aluminum hydroxide sol by zinc sulfate not only because the method used was not precise enough, but also 
because the complex [Zn(SQ,4)g} ion, like the [Ni(SO4),]* and [Co(SOQ,),]*" ions, is extremely unstable [15], its 
instability constant being #2-3-107*; i.e., dilute solutions are almost free of such complex ions. 


The results of these experiments on the adsorption of zinc, and the available data on the formation of 
complex ions of copper, lead, zinc, cadmium, and mercury, of the type MeAg, and especially MeA?, confirm 
our view [8] that the rapid formation of surface films and stable foams in mixtures of Al(OH)3, Fe(OH)s, Cr(OH), 
sols and salts of these metals is the consequence of structure formation in the surface layers and the volume of 
the sols, A particularly important part in structure formation is played by the multivalent (the most stable) 
complex ions, which act as bridges between the micelles in the sols, 


SUMMARY 


1, A radiometric method was used to study the adsorption of zinc in the coagulation of positively charged 
aluminum hydroxide sols by zinc acetate, The zinc was determined in the films formed at the solution-air in- 
terface on addition of zinc acetate to aluminum hydroxide sols, 


2. The films were found to contain 42 meq of zinc per 100 g of dry film. Adsorption of zinc by the sols 


is interpreted as the adsorption of complex negatively charged [Zn(CHsCOO),H,0]° and [Zn(CH,COO),}*~ ions 
by the micelles of the positively charged Al(OH), sols, 
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IVAN PLATONOVICH LOSEV 


(ON HIS 80th BIRTHDAY) 


Ivan Platonovich Losev was born January 16, 1878 in the hamlet of Frolov in the Ust'-Medveditskii dis - 
trict, in the family of a Cossack peasant. Losev's life took a peculiar course from his earliest days. 


Having lost his father early (Losev was less than one year old when his father died), he grew up in the care 
of his mother, at whose wish he first entered a four-class theological school, and then the theological college of 
Novocherkassk. The revolutionary movement of the start of the century gripped the young student, and in 1901 
Losev was expelled from the college for taking part in college disturbances, However, in 1904 he successfully 
passed his matriculation examinations at the Kazan Men's Gymnasium and entered the State University of Kazan. 


However, two years later, in 1906, when on vacatkon in his home Ust'-Medveditskii district, Losev took part in 
the revolutionary movement and was legally prosecuted. In the saine year, 1906, Losev was sent as a delegate 
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of the Kazan Committee of the RSDRP (Bolsheviks) to the First Tammerfors Conference of the Military and Bat- 
tle Organizations of RSDRP (Bolsheviks), In 1910, when taking his State examinations, Losev was aneeey and 
sentenced to imprisonment. His graduation therefore had to be postponed until 1914, when he was given per- 
mission to take the State examinations, After leaving the University, Losev began to teach chemistry and the 
science of staple:commodities at the Kazan Commercial School. In 1919 Losev went to Moscow and began work 
as assistant to Prof. P.P. Shorygin at the Moscow Veterinary Institute, while from 1923 to the present day Prof. 
1.P, Losev has worked at the D.I. Mendeleev (Order of Lenin) Moscow Institute of Chemical Technology. 


In 1932 he organized the first Department of Plastics at the Mendeleev Institute of Chemical Technology; 
this was joined by the most eminent specialists of the day — Professors G.S, Petrov, N.M. Nastyukov, B.N. Rutov- 
skii, and I.A. Livshits. From the time when Losev took charge of the Department of Plastics, all his scientific 
interests have been associated with polymer chemistry and technology. His research on polymerization reactions 
characterizes Losev as a research specialist in the field of polymer synthesis, It includes work on the polymeri- 
zation of vinyl chloride, the copolymerization of vinyl derivatives, the polymerization of vinyl ethers and de- 
rivatives of « -chloroacrylic acid, and the condensation of phenol and aniline with various aldehydes. These in- 
vestigations showed that condensation resins are in reality complex mixtures or organic substarices which are 
mutually soluble and similar in structure. Since 1943 the scientific interests of Prof. Losev have been associated 
with synthesis and investigation of polyurethanes, polyamides, polyureas, and cation-exchange resins. 


Work in these directions became particularly intensive from 1948 when Prof. Losev, with his characteristic 
energy and enthusiasm, organized a new department in the Mendeleev Institute of Chemical Technology — the 
Department of Polymer Technology, and in 1957 he established a laboratory for ion-exchange resins. 


Professor Losev, being a deep and purposeful research worker, never segregates the so-called pure science 
from applied science. In all his work the most abstract theoretical questions are always interwoven with very 
important technological problems, This is the reason for his close association with various specialized scientific 
research institutes, 


Prof, Losev, who carries out extensive research work personally and with his associates, is a rare and re- 
markable teacher, a man of splendid nature. These remarkable qualities constantly attract young scientists of 
the Soviet Union and the People's Democracies to him. 


The outstanding scientific work of Prof. Losev has been repeatedly recognized at the highest level. For 
example, the Presidium of the Supreme Soviet RSFSR awarded I.P. Losey the honorary title of Distinguished 
Worker in Science and Technology; in 1951 he was decorated with the Order of Lenin, and in 1957, with the 
Order of the Red Banner of Labor. 


The scientific community of the Union has recognized the valuable activities of I.P. Losev by electing 
him in 1956 to be President of the D.I. Mendeleev All-Union Chemical Society. 


On his glorious anniversary, let us wish him many years of life and beneficent scientific and social activity. 


O.V. Smirnova 
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DISC USSION 


THE FLUIDITY AND STRENGTH OF STRUCTURIZED DISPERSE SYSTEMS 


G.V. Vinogradov and V.P. Pavlov 


During the past two years there has been a discussion in the press [1, 2] on a number of topical questions 
of modern rheology. This discussion, which reflects the various viewpoints existing within the framework of the 
Rebinder school, cannot be regarded as complete if it does not represent the opinions of specialists in other fie Ids 
and if it does not take into account the experience obtained in investigations of systems different from those 
studied by Mikhailov and Trapeznikov. We must also participate in the discussion because Mikhailov and Tra- 
peznikov made reference, in their polemical articles, to some individual data obtained by Klimov and Lebedev 
in our laboratory. Unfortunately, no account was taken of our fundamental investigations carried out during the 
last ten years; these results could be very useful in the analysis of many obscure rheological problems to which 
the discussion refers, 


Mikhailov [1] bases his discussion on experiments with bitumens, which are highly viscous, weakly elastic, 
weakly structurized disperse systems, Trapeznikov [2] primarily makes use of the properties of low-viscosity, 
highly elastic, strongly structurized systems, The only common feature of these systems is that they are all li- 
quids, In many respects they are not comparable; this was not given due consideration in the discussion. 


The discussion is primarily concerned with the shear stress (r) — deformation ( y) curves, which are deter- 
mined by experiments in which the shear stress increases continuously (up to a definite value). These curves 
may ascend steadily or have maxima. The maximum on the r(y7) curve for a plastic system was first interpreted 
as the flow limit (r¢) or the yield value (Ty ) in papers published by our laboratory [3]. The concept of yield 
value was introduced instead of, or, more Sau for more precise definition of, the term "limiting shear 
stress"; it generalized the concept of the yield value in relation to the resistance of materials and extended it 
to the breakdown of a three -dimensional structural framework formed by the disperse phase, which determines 
the complex combination of mechanical properties (elastic after-effects, etc.) of disperse systems. 


In his examination of the r( y) curves, Mikhailov writes: "As our investigations showed, disruption of struc- 
ture (orientation, bond rupture) takes place on the ascending branch of the curve .. . The descending branch of 
the curve . . . is the consequence of a purely relaxational process . . . and therefore does not contain any dis- 
ruption factors" {1, page 75]. His evidence for this is the fact that". . . when a repeat test is carried out on the 
same system at the same velocity gradient, the r(y) curve (our notation is used here and subsequently — V. and 
P.) was reproduced completely” [1, page 73]. We cannot agree with this statement or the evidence for it. 


In 1947 Vinogradov and Klimov demonstrated for the first time in the USSR [4] the value of investigations 
of the mechanical properties of disperse systems by means of curves for y as a function of t and constant 7; 
they devoted special attention to a comparison of the r(y) and y(t) relationships and introduced the concept of 
rapid breakdown of the structural framework in disperse systems when t = T¢[5]. It was shown that the transi - 
tion of the yield value is accompanied or, rather, induced by this sudden breakdown of the structure in the sys- 
tem, when the processes of bond rupture between the particles of the disperse phase not only occur more rapidly 
than the processes of bond restoration, but they involve the bonds which determine the strength of the structural 
framework. In relation to the strength properties of the system, this rapid breakdown of the structure does not 
terminate, as Mikhailov asserts, but only starts when values of r close to Ty are reached, and it leads to a de - 
crease of shear strength, After the yield value has been passed, the process of structural breakdown continues to 
develop in the system, and its restoration develops at an increasing rate. This last process is revealed very 
clearly by changes of the shear modulus (g) with increasing deformation, both when y < yg and when y > yf. 
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This restoration of the structure primarily involves ranges of weak, relatively easily relaxing bonds, which do not 
confer rigidity to the structural framework and therefore do not influence its shear strength. 


In cases in which particularly strong bonds in the structural framework are broken down irreversibly or og 
restored slowly, transition through the yield value results in a permanent or temporary decrease of rf. If there is 
no brittle destruction of the structure, and the bonds between the particles of the disperse phase are highly mo- 
bile (as is the case in the experiments with bitumens described by Mikhailov) the same results will be obtained 
in the first and subsequent determinations. 


These general considerations of the behavior of disperse systems under deformation at a constant rate, or in 
tests with continuously increasing stress, may be supported by experimental data obtained with the aid of special 
methods developed in our laboratory, whereby it is possible to follow the variations of elastic and strength prop- 
erties of structurized materials as functions of the deformation. 
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Fig. 1. Curves for the relationships between shear stress (continuous line) 
and shear modulus (dash line), and the deformation and time, for Solidol 
grease, determined by means of a rigid dynamometer. 
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Let us consider the nature of one of these methods,as used for the investigation of plastic greases, The 
Solidol grease described previously [6] was fed at 20° into the annular gap of an instrument with rifled surfaces 
[7], and values of g were then measured periodically under static conditions in an apparatus with a rigid dynamo- 
meter [8], the modulus of which was 4.9- 105 g°cm:* radian}, until constant values were obtained after restora - 
tion of the structure, broken down to some extent when the instrument was being filled. The inner cylinder of 
the elastoviscosimeter (the heterogeneity of the stress field in the gap was 6%) was then rotated atn = 2.4: 1074 
rpm, and g was again determined at intervals under continuous deformation while r increased to r¢ and then 
fell to’r,, (Curve BC...H in Figure 1). After 40 hours the core of the instrument was stopped, and the determina - 
tions of g were continued for a long time with the specimen still under stress, i.e., with simultaneous relaxation 
and thixotropic restoration of its structure, The variations of g during this cycle. of tests are represented in Figure 
1 by the line A'B'...1'. 


In this example, the value of g began to decrease rapidly from the very start of the deformation, which re - 
sulted in increases of r and y in accordance with the Curve BC,..H; after 10 minutes the value of g fell to a 
half of its initial value, and reached a minimum at r = r¢ (Point C'), Subsequently, despite the fact that the 
same rotation rate was maintained, g began to increase slowly, and after 4 hours it reached a stable value (Point 
F) which remained unchanged during the subsequent 36 hours, In other words, the breakdown of the bonds of the 
structural framework which determine the elastic properties of plastic bodies does, in fact, occur along the as- 
cending branch of the r(y) curve, and is completed when Tf is reached, 


An examination of the results obtained in tests of the same Solidol sample by another method leads to a 
different conclusion, .The conditions corresponding to Figure 1 were retained in these experiments. The Curve 
OA...G (Figure 2), which represents the r( 7) relationship for Solidol at 20° was first obtained. A fresh portion 
of the sample was then taken to a certain value 7, (Point A on the Curve OA...G), the stress was then removed 
from the sample (indicated by the dash line and arrow at Point A), and the experiment was repeated. In this 
and similar tests the time interval between the applications of the load was about 5 minutes. In this repeated 
experiment the values of r and y were again read off from the Point O, and the r(y) curve coincided with the 
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Curve OA...G. A fresh (third) portion of Solidol was tested up to r = Tp, when the load was removed and the 
test was repeated. The r(y) relationship in this test is again represented by the Curve OA...G. Thus it was 
shown that at r < rr not only is there no decrease in the shear strength of plastic bodies, but that even the form 
of the T(y) curve remains unchanged. Deformation of a fresh portion of Solidol to y = YC = Vg. removal of 
the load, and a repeated loading yielded the Curve 04C...G; examination of this curve shows that pre liminary 
deformation of the sample to y = Y¢ does not decrease the value of 7, but after this Tf is attained more rapidly 
in the repeated test (6 minutes instead of 10) or, which is the same thing, the value of y¢ is smaller. 
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Fig. 2, Curves for the relationships between the shear stress and the 
time and deformation, for Solidol grease, determined by means of a 
rigid dynamometer, 


Successive experiments were then performed, with a fresh portion of Solidol each time, up to deformations 
Yp» YE» Yp, and the method described above was used to obtain the corresponding Curves OgDEFG, OsEFG, O,4FG. 
The time intervals in which the maximum values of 7 were reached on these curves are shown on separate 
scales, It follows from these experiments that breakdown of the structure of pseudogels, accompanied by a de- 
crease of their shear strength, occurs only when y > yf, and the relationship between the yield values and y is 
represented accurately by the region CDEFG of the r(y) curve. In fact, if the preliminary deformation represented 
by the section OABCD is stopped at a value of 1 corresponding to the point D(rp), the subsequent loading is 
graphically represented by the Curve O,DEFG with a well-defined maximum at the point D, or,-in other words, 
at T =Tp, The yield values determined similarly after yg and yp had been reached were equal to rg and rp 
respectively, i.e., to the values of 7 reached in the preliminary test. This last conclusion is fully valid for the 
section of the right-hand branch of the Curve OA...G, where r is close to or equal to rst, provided that the in- 
terval between removal of the stress and the start of application of the new load does not exceed a few seconds, 
Otherwise thixotropic buildup of the structure of the pseudogels results in considerable strength increase. For ex- 
ample, in the case ofSolidol, 5 minutes of rest after removal of the load (Point G) was enough to give the Curve 
OsHI with a quite distinct maximum in the subsequent test. 


If we accept Mikhailov's viewpoint and assume that". . . the descending branch of the curve... is the 
consequence of a purely relaxational process... , and therefore does not contain any disruption factors," then the 
values of Tp, Tg, Tp obtained in these experiments should be exactly the same and equal to Tq (or to Tg for 
weakly thixotropic systems), which was not the case for any of the greases. 


Thus, it has been demonstrated by direct experiments that the structure of a plastic body breaks down, or, 
more accurately, the rate of its breakdown exceeds the rate of buildup, from the start of the experiment until a 
steady value of 7 is reached. When rt = 7¢ the bonds which determine the elastic properties are broken down 
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more rapidly than they are restored, while the bonds determining the shear strength of the system remain un- 
charged. At rT = T¢ the observable breakdown of the former is completed and that of the latter only just com- 
mences, and therefore the strength of a plastic body, which does not decrease up to /¢, decreases on further de- 
formation from r¢ to T., while the r¢(y) and r(y) re lationships remain unchanged. 


Fig. 3. Curves for the deformation (1) and de- 
formation rate (2) of Solidol as functions of 
time, determined by tests by the method of 
continuously increasing deformations. Curve 
(3) represents the deformation rate as a func- 
tion of time determined under the same con- 
ditions by means of a rigid dynamometer. 
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Fig. 4. Curves for the deformation rate as a 
function of the shear stress (1) and shear stress 
as a function of time (2,3) for polyisobutylene, 
determined with continuously increasing 
stresses, 


This conclusion clearly refutes Mikhailov's view 
that ". . , it is not correct to associate the absence or 
presence of a maximum on the r(y) curves with destruc - 
tion of structure in the system" [1, page 70]. It is clear 
from the facts presented above that the presence of maxi - 
ma on the r(y) curves is direct evidence that there is a 
certain critical state, at least for plastic systems, associated 
with breakdown of their structure. Even if the r(y) curves 
are without maxima it does not follow that there is no 
structural breakdown; this was demonstrated by Mikhailov 
himself [1, Figure 6], and it also follows from investigations 
performed in our laboratory. Klimov, Gvozdev and Lebe- 
dev [6-9] established experimentally for plastic systems 
which give curves with sharp maxima at room temperature 
that at lower temperatures these maxima are less pro- 
nounced or disappear entirely. There are no grounds for 
believing that the structural framework becomes weaker 
with decrease of temperature. As the result of the increase 
in the viscosity of the dispersion medium and of the system 
itself, the strength characteristics are merely masked by 
the high viscous resistance. For the same reason, when the 
experiments are repeated under continuously increasing 
load the decrease of rr and T.¢ in consequence of the 
breakdown of structure is slight, i.e., the systems approach 
in their properties to non-Newtonian liquids of low thixo- 


tropy. 


In general, therefore, absence of structural break- 
down cannot be assumed from the absence of maxima on 
the r(y) curves, or even from the identity or close simi- 
larity of r(y) curves obtained in repeated experiments, 
Moreover, it must be remembered that for a plastic system 
with a highly viscous dispersion medium, especially at low 
temperatures, a fairly sharp maximum on the r(y) curve 
can be obtained only at very low rates of load, when the 
resistance to viscous flow is sharply decreased. 


Mikhailov [1, page 74] considers that Lebedev's ex- 
periments [9] prove that the structure in plastic systems 
breaks down along the ascending branch of the r( y) 
curves, In reality, this is not correct, as Lebedev was the 
first to show [9] that for plastic disperse systems tested un- 
der continuously increasing stress the maximum deforma- 
tion rate is reached on the descending branch of the r(y) 


curve. It is obvious that the highest rate of deformation cannot correspond to absence of structural breakdown. 
It follows from Lebedev's experiments, that, in general, Mikhailov's assertion that ". . . the maximum, the 
yield point r¢ is reached in a time which corresponds to the establishment of the given velocity gradient” [1, 
page 70] is wrong. This is shown most convincingly by the results of our experiments on such a typical plastic 
system as Solidol (Figure 3). The tests were performed in conditions corresponding to Figures 1 and 2, not only 


with a rigid but also with a flexible dynamometer, the modulus of the latter being 29 g-cm«radian™, In Figure 
3 the ordinate axes give y, the relative deformation in the annular gap.of the elastoviscosimeter, and log y, the 
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logarithm of the deformation rate. The left-hand ordinate axis (Figure 3) carries two scales for y. Deformations 
until r¢ is reached at the point A are shown below on the left. Values of y found after the yield point has been 
reached are shown above on the right. 


Figure 3 shows the transition from elastic deformation to rapid breakdown of the system, corresponding to 
the steep portions of the y(t) and y(t) curves. The rapid increase of y (when the yield point is passed) corres - 
ponds to an increase by nearly 5 tenth-powers in the deformation rate, and the maximum deformation rate is 
found, as in Lebedev's experiments [9, 10] with hydrocarbon systems, on the descending branch of the r(y) curve. 
In the light of this, it is not clear why Mikhailov [1, Figure 4b] finds no maximum on the y(t) curve when such a 
maximum exists on the corresponding t(y) curve. 


The data in Figure 3 indicate once again that the whole process of structural breakdown in plastic systems 
develops along the descending branch of the r(y) curves. At very low rotation speeds of the core, owing to the 
abrupt decrease of the deformation rate after the maximum on the r(y) curve has been reached, deformation of 
the system may cease [11]. Trapeznikov and Mikhailov missed the very important fact that the yield point (the 
maximum an the r(y) curves) can be detected immeasurably more sensitively by the increase of the deforma- 
tion rate than by the increase of deformation. 


The next question relates to the connection between the r(y) and D(r) curves, where D is the velocity 
gradient. We studied the rheological properties of fluid low-molecular polyisobutylenes, synthesized by Iu.Ia. 
Gol'dfarb in the Institute of Petroleum, Academy of Sciences USSR. These are non-Newtonian liquids of very 
high viscosity and relatively small but quite distinct elasticity. Figure 4 shows the flow curye at 20° for polyiso- 
butylene of average molecular weight ~5000, The points on Curve 1 correspond to values of 7,4 found in exper- 
iments with continuously increasing shear stresses, In Figure 4 there are also given r(y) curves corresponding to 
the points C (Curve 2) and E (Curve 3) for the D(r) relationship, It should be noted that the points A and B on 
Curve 1 correspond to t(y) curves without maxima, while point E corresponds to a r(y) curve with a maximum. 
It is clear from Figure 4 that the transition from a linear to a nonlinear relationship between D and r is associ- 
ated with the appearance of maxima on the r(y) curves; this supports Trapeznikov's views on this question. It 
is quite evident that for systems of different nature the sharpness of the transition from a linear to a curved re- 
gion in the D(r) curve, and the corresponding sharpness of the transition from steady r(y) curves with maxima 
may and should differ. 


Mikhailov's statement that the deformation rate influences the form of the r(y) curves and the value of 
Tf is trivial, and gives no ground for the assertion that "the concept of yield point r¢ will lose all meaning" [1, 
page 71]. On the contrary, the characteristics of the strength properties of disperse systems can best be evaluated 
from the nature of the relationship between r¢ and the deformation rate. 


Trapeznikov writes that in the papers published by our laboratory ". . . the rigidity of the dynamometers’ 
was not stated, and all these investigations (to speak objectively) might also have been carried out with nonrigid 
dynamometers .. ." [2, page 496]. This was indeed the case. However, the investigations in our laboratory to 
which Trapeznikov refers dealt with plastic systems, for which it was found [2,3] that the deformation rate has 
little effect on rf. It follows directly from this that the deformability of the dynamometer should not play any 
significant role in such cases, Therefore, Trapeznikov's reference to the work of our laboratory is unjustified. 

It has been shown recently in direct experiments with 10°-fold variations of dynamometer rigidity (including the 
use of an almost absolutely rigid dynamometer) [8, 14] that apart from its influence on the deformation rate the 
rigidity of the dynamometer used for testing plastic disperse systems has no appreciable influence on the value 
of r¢ or the form of the r(y) curves. The conclusions drawn by Klimov and Gvozdev in the papers cited above 
concerning the relatively small influence of the rate of loading on r¢ for plastic disperse systems were confirmed 
in experiments with approximate ly 10°-fold variations of the deformation rates. 


In conclusion it must be pointed out that the elementary theory of deformation used in the papers under 
discussion is only applicable to systems in which elastic deformations are small, and cannot always be used for 
calculations of rheological processes in high-elastic bodies. Therefore the comparisons, made in the discussion, 
between the mechanical properties of systems exhibiting very large (aluminum naphthenate gels, etc.) and very 
small (bitumens, etc.) elastic deformation should be regarded with considerable caution. 
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BRIEF COMMUNICATIONS 


INFLUENCE OF THE RATIO OF FREE TO BOUND ALKALI IN THE 
PRECIPITATION OF ALUMINUM SOAPS ON 


THEIR THICKENING PROPERTIES 


A.A. Trapeznikov, G.V. Belugina and F.M. Rzhavskaia 


The composition and thickening properties of Al soaps are determined by the molecular weight and the 
nature of the organic radical of the acid on the one hand, and by the formulation and the conditions for the 
preparation of the soap on the other. For example, by variations of the pH of the medium in precipitation, of 
the temperature, of the concentrations of the reactants, and of other factors, it is possible to obtain Al soaps dif- 
fering greatly in composition and in thickening effects on organic solvents (1]. A specially important factor is 
the ratio of free to bound alkali in precipitation, which determines the "basicity" of the soap, i.e., the saturation 
of the aluminum valences with hydroxyl groups, It has been reported in papers on Al soaps of fatty acids that 
disubstituted soaps of the AIOHR, type have the highest thickening power [2,3]. The formulation of such a soap 


-2 ie 
eel a” 
poises ? 
uy, 1000 


600 


200 


400 
7 


0 
120 oats ; 
a 0 16 100 150 
Excess NaOH, % 
40 


Fig. 2. Variations of the vis- 
cosity of oleogels with the ex- 
cess of alkali in precipitation 
of soaps from naphthenic acids 
of different molecular weight: 
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Fig. 1. Variations of the viscosity of 
oleogels with the excess of alkali in pre - 
cipitation of the soap: 1) 3 days after 
preparation of the oleogel; 2) 7 days; 

3) 30 days; 4) 60 days. 


May = 213.7; gel concentration 
5% (2); 6% (1); May = 224.9; 
gel concentration 5% (4); 6% 
(3). 
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may be characterized by an excess of free alkali relative to the bound alkali (i.¢., the alkali consumed in neu- 
tralization of the acid); for a disubstituted soap this excess is 50% [1,4]. It was of interest to determine whether 
this ratio is valid for Al soaps of naphthenic acids, since the nature of the organic acid radical has a considerable 
influence on the properties of the soaps. We therefore studied the properties of Al naphthenate soaps, obtained 
not only by precipitation with strictly stoichiometric proportions of acid to alkali, corresponding to mono-, di-, 
and trisubstituted soaps, but also with intermediate ratios, because in view of the complex nature of the whole 
process of soap formation the final product may contain more complex substances, and also hydrolysis products 
[A1l(OH)g, free acids]. 


The Al soaps were made by double decomposition (a method which we describe as “direct” precipitation 
{1, 4]) from naphthenic acids of average molecular weight May = 2950, at 80°, with between 25 and 200% of free 
alkali in the precipitation. Figure 1 shows the viscosity* of 6% gels of these soaps in cryoscopic benzene; the 
maximum corresponds to 75% of free alkali. This agrees with the value for the maximum thickening properties 
at 75%, found by A.A. Trapeznikov in 1942-1943; he also pointed out that this maximum represents a higher 
content of free alkali than that required for a disubstituted soap. 


During the first few days after preparation of the oleogels, the oleoge1 made from soap precipitated with 
200% excess alkali, corresponding to a monosubstituted soap, had the highest viscosity; this is probably because 
of the slow solubility of this soap in benzene, which decreases the fluidity of the gel; subsequently the viscosity 
of this gel fell rapidly with time. The oleogels of Al soaps precipitated with 25-75% free alkali showed almost 
no changes of viscosity and remained stable for a long time. 


This relationship between the thickening properties and the free -bound alkali ratio was tested for Al soaps 
prepared from naphthenic acids with average molecular weights (May) 213.7 and 224.5. Naphthenic acids with 
May = 224.5 were isolated from naphthenate soaps obtained from kerosine distillates of petroleum. Further frac- 
tional distillation of these acids gave acids with M,y = 213.7. The aluminum soaps were prepared by double 
decomposition under identical conditions as described above; the free alkali contents varied in the 50-150% 
range. The viscosities of 5 and 6% gels in a nonpolar technical solvent 30 days after preparation are plotted in 
Figure 2. Each curve has a sharply defined maximum for the viscosity of the Al soap oleogel at 75% excess free 
alkali, irrespective of the molecular weight of the naphthenic acids, . It follows from these results that the rela- 
tionship which has been found between the thickening properties of Al soaps of naphthenic acids and the free - 
bound alkali ratio in precipitation holds for naphthenic acids of different molecular weights (May from 214 to 
250); the optimum content of free alkali is 75%, 


Thus, the ratio of free to bound alkali in the precipitation of Al soaps is one of the principal factors deter- 
mining the viscosity and stability of their oleogels. 
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*This is the maximum constant viscosity of the undestroyed structure [5], which we determined by the method 
of N.A. Bakh. 
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ON THE SIXTIETH BIRTHDAY OF BORIS ARISTARKHOVICH DOGADKIN 


Si aM jipipatoveaiS..S..Vobutskil , and V.E..Guk‘ 


Professor Boris Aristarkhovich Dogadkin, Doctor of Chemical Sciences, was sixty years old on March 20 
of this year. Nearly 35 years of this was devoted by Dogadkin to scientific and teaching work, which he be- 
gan, when he was still a student in the University of Moscow, as lecturer in natural history in the Moscow Party 
School, and as a scientific assistant in the Timiriazev Biological Institute. Here he performed his first research, 
on periodic precipitation of calcium phosphates; the results were published in Kolloid Zeitschrift. In 1929 he 
joined the Institute of the Rubber (now Tire) Industry, where he organized the laboratory of the physics and 
chemistry of rubber. He is now the head and scientific director of this laboratory. 


Dogadkin's university work began in 1930, when he became an assistant in the Department of Colloid 
Chemistry of the Moscow State University. In 1932 he was appointed, by competition, to be Assistant Professor 
and Head of the Department of Physical and Colloid Chemistry of the Moscow Petroleum Institute, and in 1933 
he became Professor and head of the newly established Department of Chemistry and Physics of Rubber in the 
M. V. Lomonosov Institute of Fine Chemical Technology, Moscow. 


Dogadkin was confirmed in the title of Professor in 1935, and awarded the degree of Doctor of Chemical 
Sciences in 1937. In 1941 he was awarded a Stalin prize for work on the production and industrial synthesis of 
synthetic latex. He was awarded the Order of Lenin and the Order of the Red Banner of Labor for outstanding 
success in training technologists and scientists, 


Dogadkin's scientific activity has been mainly concerned with the physical chemistry of natural and 
synthetic rubbers, and rubber technology. 


Dogadkin was the founder of USSR research on emulsion polymerization, and the originator of the indus- 
trial process for the production of synthetic latex. As the result of his investigations he was able to formulate, 
for the first time, the basic laws governing emulsion polymerization in relation to the properties of synthetic 
rubbers; he showed that the variations of the mechanical strength of vulcanizates with the course of polymeriza- 
tion-can be represented by a curve with a maximum. Dogadkin introduced the concept of an "optimum" rubber 
and showed that the yield and quality of optimum rubber are higher with decrease of the polymerization tem- 
perature. The significance of the work of Dogadkin as one of the first workers in the field of emulsion poly- 
merization is noted in a number of foreign monographs, such as Whitby's "Synthetic Rubber," etc, 


Since 1940 Dogadkin and his associates have carried out systematic research on the vulcanization process, 
which revealed the mechanism of this important technological process. The important practical problem of 
reversion of vulcanization, and of the vulcanization optimum, was satisfactorily explained for the fist time by 
Dogadkin, on the basis of the concept of two mutally-opposing processes taking place during vulcanization— 
structure formation under the action of the vulcanizing agent, and degradation under the influence of oxygen 
and thermal factors. In his development of this concept Dogadkin carried out detailed investigations of the 
structure of vulcanizates and its influence on the heat resistance and fatigue of rubber. 


By the development of original new methods for studying vulcanization (the thermomechanical method, 
the isotope-exchange method with the use of s*5) it was possible to establish that in presence of a number of 
accelerators (Altax, Captax, Sulfenamide BT) vulcanization proceeds by a radical mechanism. The reactions 
of the addition of sulfur and accelerator to rubber-were shown to be interdependent, and the mechanism of 
sulfur activation in presence of a number of accelerators was elucidated. RecentlyDogadkin has been working 


on the problem of irradiation vulcanization of rubber. 
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Dogadkin has given a correct picture of the state of rubber in solution, and has proposed a surface -tension 
method for investigation of this problem. He was the first to apply light scattering to determination of the 
molecular weight of rubber. He designed an osmometer which has been widely adopted in the laboratories of 
the Union. Finally, Dogadkin studied and determined the mechanism of the structural changes in rubber in solu- 


tion under the influence of light. 


In their studies of the swelling kinetics, electrical conductivity, and dielectric properties of filled rubbers, 
Dogadkinand his associates demonstrated the existence of thixotropic chain structures in such rubbers. As long 
ago as 1938 Dogadkin described the formation of a carbon—rubber gel; this effect is associated with the chemi- 
cal interaction between the active filler and the rubber. Later, Dogadkin studied the chemical interaction of 
sulfur with the active regions of the carbon black surface. All these investigations represent a substantial con 
tribution to a correct understanding of the mechanism of rubber reinforcement and the influence of the struc- 
ture of filled rubbers on their mechanical properties. Dogadkin and his associates succeeded in developing 
the theoretical principles and finding the conditions of rubber reinforcement by addition of fillers (active blacks) 
directly to latexes. The solution of this problem opens up the possibility of the development of a new techno- 
logical process for the production of rubber goods from latex. 


A number of investigations carried out by Dogadkin and his associates dealt with the kinetics of the elas- 
tic deformation of rubber and vulcanizates. Dogadkin devoted special attention to intermolecular forces in 
determining the relationships which accurately describe the properties of real materials — technical vulcani- 
zates and rubber. In studies of the influence of swelling and softeners on the relaxational properties and strength 
of vulcanizates, Dogadkin and his associates established that the static and dynamic strength do not vary steadily 
with the softener content. — 


Dogadkin was one of the first to introduce new technological processes for the production of rubber goods 
directly from latex in the Soviet Union; these processes are more progressive both technically and economically. 
The technical procedure and formulations for the production of latex. goods in the "Krasnyi Rezinshchik" factory 
in Kiev were developed under his guidance. Dogadkin is the inventor of.a process, used in one of the chemical 
works, for the production of microporous ebonite from latex. This series of investigations includes the develop- 
ment of the theory and method for the production of aqueous dispersions of rubber. 


It must be emphasized that the great majority of Dogadkin's investigations are original; they pose and 
solve new problems or provide new interpretations. At the same time, this work is not detached from the prac- 
tical problems of the rubber industry. Because of his connection with industry and his scientific authority, 
Dogadkin constantly participates in the work of the Scientific and Technical Councils of the Ministry of the 
Chemical Industry, State Technology, and Ministry of Higher Education, and in the work of various special 
commissions and the councils of various institutes. 


By his intensive teaching work Dogadkin has established a Soviet school of research scientists who work 
in the field of the chemistry and physics of rubber. Dogadkin's pupils and associates include 5 doctors and 
31 graduates. He has published 148 scientific papers, has received over 20 author's certificates for inventions, 
and has written four books; of these "The Chemistry and Physics of Rubber," although a text book, is in the 
nature of a monograph and is an excellent summary of the chemistry and physics of rubber. The publication 
of this book was the opening of a new epoch for rubber scientists, It is used not only by students, but by engi- 
neers and scientists working in rubber-using industries. The success of the book was also furthered by its literary 
qualities—a good style, simple and precise presentation, a high scientific level and, above all, the author's 
single-minded approach to problems of the properties of rubber and the chemistry of the principal processes 
in the rubber industry. 


Dogadkin constantly takes an active part in social life, From 1936 to 1938 he was Chairman of the Bureau 
of the Scientific and Technical Society of Rubber. He is now a member of the Presidium of the Moscow Section 
of the D. 1. Mendeleev Chemical Society, Chairman of the Colloid Section and member of the Bureau of the 
Chemical Section of the Society for the Propagation of Scientific Knowledge of the RSFSR. Since 1945 he has 


been Deputy Editor of Colloid Journal. He was a delegate of the Frunze Regional Soviet in Moscow in three 
elections. 


Thus, in the person of B. A. Dogadkin we have a combination of an eminent university teacher, an out- 
standing research worker, and an active scientific social worker. 


246 


We wish our dear Boris Aristarkhovich, from the depth of our hearts, many years of life, health, and cre- 
ative success in his fruitful scientific and social activity for the good of our great country. 
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THE STRUCTURE AND PROPERTIES OF RUBBERS PRODUCED 
IN IRRADIATION VULCANIZATION 


B. A. Dogadkin, Z. N. Tarasova, M. la. Kaplunov, V.L. Karpov, 
and N. A. Klauzen 


In recent years there have been great advances in studies of the action of high-energy radiations on 
various substances and processes. In particular, there has been great interest in the utilization of nuclear rad- 
tions for the vulcanization of polymers [1-4]. The reason for this interest is that, according to the available 
literature data, vultanizates obtained under the influence of ionizing radiations have structural characteristics 
which distinguish them from ordinary products obtained by chemical vulcanization. According to Jackson 
et al, [2], irradiation vulcanizates have high resistance to thermal and thermo-oxidative aging, to the action 
of solvents and softeners at high temperatures, and to the action of chemically active media. 


The method of vulcanization with the aid of ionizing radiations also differs from the ordinary thermo- 
chemical methods in a number of respects; the vulcanizationcan be effected without the use of heat or vul- 
canization agents. Ionizing radiations can bring about the vulcanization of saturated polymers which cannot 
be vulcanized by any other known methods, The interest in the vulcanization of such chemically inert poly- 
mers is due to their high resistance to various forms of aging and corrosive media. One advantage of irradia- 
tion vulcanization is the possibility of the production of homogeneous massive articles, owing to the high 
penetration of the radiation. All the technological processes can be accelerated, as vulcanization agents 
which may cause premature vulcanization (scorching) are not used. The vulcanization time can also be shor- 
tened by the use of powerful sources of radiation, as the degree of cross linking is determined by the integral 
dose of radiation absorbed. 


The object of the present investigation was a study of the structural characteristics of irradiation vul- 
canizates and their physicochemical and technical properties, and the development of formulations and tech- 
nological procedures in the use of ionizing radiations in technical vulcanization. 


Irradiation vulcanization was effected in a nuclear reactor and in a Co unit of 20,000 curie power. 
The integral dose of the absorbed energy was in the range 10’—10° roentgen; the dose rate was between 1.36 
and 0.43 -10° r/hour. During the cobalt irradiation the temperature of the specimens did not rise above room 
level. Special determinations of the temperature in the specimens in the reactor were not carried out. The 
temperature was probably 100-150° in the stated dose range. The irradiation vulcanizates made in the nuc- 
lear reactor had residual radioactivity. These specimens were tested 2-3 weeks after preparation; the residual 
radioactivity decreased to near the background level during this period. 


The Irradiation Vulcanization of Rubber 


The irradiation vulcanization of purified and technical specimens of natural( NR), butadiene—styrene 
(SKS-30A), isoprene (SKI), and sodium butadiene (SKB) rubbers was studied. 


Films 0.1-0.2 mm thick were made on cellophane from the sol fractions of solutions of the above-named 
tubbers in benzene. After evaporation of the benzene, the films on their cellophane supports were placed in 
aluminum cases of a standard type for vulcanization in the nuclear reactor, or in glass test tubes for irradiation 
with Co®. The cases were always put into the same tube of the reactor to the same depth, at a given constant 
power of the reactor. 
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When the irradiation vulcanization was perform ed in oxygen-free conditions, the rubbers were first puri- 
fied by extraction in acetone and reprecipitation from benzene solutions in a nitrogen atmosphere. The films 
were formed on Sel ophens and dried also in a nitrogen atmosphere, then placed in glass bulbs, repeatedly 
evacuated at 10 4mm Hg, and the tubes were sealed under vacuum. The density of the vulcanization network 
in the irradiation vulcanizates was estimated from the maximum swelling in xylene (see Table 1) and from 
the value of the modulus determined at 60% deformation at 130°. Under these conditions the modulus appro- 
ached the equilibrium value. 


TABLES 


Maximum Swelling in Xylene, of Technical Rubbers after Irradiation Vulcanization in Presence of Air in a 


Nuclear Reactor 
Maximum swell- || Composition 
ing in xylene, % || of mixture 


Composition of mixture 


Maximum swelling in 


xylene 
Integral radiation dose 38°10° r Integral radiation dose 50°10® r 

SKS-30A + 40 wt. parts channel black 314 
SKS-30AM + 40 wt. parts channel black 321 SHibMed heat 362 
NR + 40 wt. parts channel black 353 SKS-30A 432 

SKB 260 
NR + 40 wt. parts furnace black 369 ss: be 
SKS-30A + 40 wt. parts furnace black 329 
SKS-30AM + 40 wt. parts furnace black 348 


According to Table 1, the technical rubbers form the following series in order of effectiveness of forma- 
tion of a vulcanization network during irradiation vulcanization; SKB > NR > SKS-30A > SKI. This order 
may vary according to the initial weight, degree of purification of the rubber, nature of the medium, etc. 

In fact, the degree of cross linking of purified butadiene—styrene rubber not containing phenyl-8 -naphthyl- 
amine was considerably higher than that of purified natural rubber. 


The presence of oxygen plays a very important 
part in cross linking during irradiation vulcanization. 


ie 800 FF] 7? For both the rubbers studied ~ natural and butadiene — 

= mrs 5 styrene (SKS-30A)— the degree of cross linking esti- 

‘> 500 PSS 6 BS mated from the maximum swelling and modulus at 

a Sab : aBy 130° is greater after irradiation in air than in vacuum, 

= sel ca cf 3 e even in purified rubbers (Figs. 1 and 2, and Table 2). 

£ HL is} S It is interesting to note the considerably lower degree 

Cae 20 40 60 sO ta of cross linking in technical SKS-30A containing phenyl- 

a Dose, 10® roentgens 8 -naphthylamine, in comparison with rubber purified 
by extraction (Fig. 2). 

Fig. 1. Influence of the medium during irradia - The following results were obtained in studies of 

tion on the degree of cross linking of purified the infrared absorption spectra of purified and technical 

natural rubber during irradiation vulcanization SKS-30A irradiated in a Co® source in presence of air. 

in a Co source: 1 and 2) Maximum swelling The spectrum of purified SKS-30A contains strong bands 

in xylene, %; 3 and 4) 60% modulus at 130”, in of oxygen-containing groups after irradiation with a 

kg /cm?; 1,4) in vacuum; 2,3) in air. dose of 36° 10° r (Fig. 3,a). In the 5.8 yu region a broad 


absorption band appears, corresponding to carbonyl groups 
of acids, aldehydes, and ketones; in the 2.8 » region, the absorption band of the hydroxyl group appears; the 
considerable decrease in transmission in the long-wave region of the spectrum between 7 and 11 p indicates 
the appearance of ester (8-9.0 p region) and ether ( 7.5-8 p and 8.7-9.4 regions) groups. The band for 
alcohol hydroxyls is also in this last region. 
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With increase of the irradiation dose up to 10°r 
the absorption bands of the carbonyl groups become 
stronger and are displaced in the direction of shorter 
wave lengths, indicating the appearance of ester carbo- 
nyl groups. At the same time, on a background of de- 
creasing transmission in the long-wave region, a band 
appears at 8.5 1 , corresponding to vibrations in the 
C—O-C groups of esters. The intensity of the hydroxyl 
group absorption band also increases with increasing 
radiation dose. 


Quantitative estimation of changes in the unsatu- 
ration of the purified specimens is difficult owing to 
_ 20 40 60 80 100 the decreased transmission in the long-wave region of 

Dose, 16° roentgens the spectrum. For quantitative estimation of the un- 
saturation from the strength of the absorption bands at 
10.3 p and 11.0, all the spectra were raised to coin- 
cide at the transmission maximum (Fig. 4). With this 
arrangement it is clear from Fig. 4 that irradiation with 
a dose of 36-10° r the unsaturation decreases sharply 
both at the 1—4 and the 1—2 groups. When the dose is 
is increased to 63-10°r, the unsaturation disappears 
almost entirely. When the dose reaches ~ 10° r, the 
number of double bonds in 1— 4 groups increases again. 


Maximum swelling, % 


Fig. 2, Influence of the medium during irradia - 
tion vulcanization of SKS-30A ina Co™ source: 
1) Purified SKS-30A in air; 2) ditto, in vacuum; 
3) technical SKS-30A in air. 


TABLE 2 


Influence of the Medium During Irradiation Vulcanization of Rubbers in a Co* source 


Irradiation dose, Cross links per 100 ev during 


mathe roentgens x 10 6 irradiation 
in air in vacuum 

SKS-30A, technical 15 BSA ay = 

30 2.24 — 

60 2257 cae 

90 2.62 oe 

ee oe ee Se ROO DE gd ec See Oe er ee ene 

SKS~30A, extracted 15 122 9.0 

30 9.0 6.0 

60 12.8 5.414 

90 1545 4.97 
NR, extracted 15 6.87 6.2 

30 3.89 4.0 

60 3.89 2.92 

90 twas | 2.82 


Comparison of data on the number of cross links (Table 2) formed during irradiation, with the loss of 
double bonds shows that the decrease of unsaturation cannot be attributed only to polymerization cross-linking 
processes. The excess loss of double bonds is evidently the result of formation of intramolecular rings. These 
structural changes are one of the causes of the thermal resistance of irradiation vulcanizates. 


The changes in the infrared absorption spectra of nonextracted technical SKS-30A (containing phenyl-6 - 
naphthylamine) during irradiation are substantially different (Fig. 3,b). 


The spectrum of the original technical rubber already shows the presence of a small number of oxygen- 
containing groups. This is indicated by the presence of a weak hydroxyl group absorption band in the 2.9 u 
region, and traces of carbonyl groups in the 5.9 1 region (Fig. 3,b). When technical SKS-30A is irradiated with 
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doses of 36-°10° r and over, up to 10°r, there is a very slight increase in the intensity of these absorption bands, 
with a somewhat more pronounced decrease of transmission in the long-wave region. 


The decrease of unsaturation as the result of irradiation is considerably less pronounced in nonextracted 
SKS-30A (Fig. 4,b) than in the purified rubber. After irradiation with 60-10°r the number of double bonds 
in the 1-4 groups decreases by about 30% of the original content; the content of 1—2 type double bonds remains 
almost unchanged (Fig. 4,b). The data on changes of unsaturation must be regarded as approximate because 
SKS-30A rubber contains styrene groups, which also give absorption bands at 10.3 and 11.0, and the results 
of the unsaturation determinations are therefore somewhat distorted. 


Transmission, % 
Ss 
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55 60 55 10 i) 80 G5 40 8d Oye 
333, «2857 «68 = 667 5B ATH 1250 N76 Mi 1053 1000. em? 4 


Fig. 3. Infrared spectra of SKS-30A after irradiation in air ina 
Co® source: A) Purified SKS-30A; B) SKS-30A with phenyl- B - 
naphthylamine; 1)raw rubber; 2) after irradiation with 36> 10°r; 
3) ditto, 63-10°r; 4) ditto, 93 +108 r; 5) ditto, 123 +10° r. 


Comparison of the infrared spectroscopic data with the results of cross-link determinations indicates 
that the increased cross linking in presence of oxygen is associated to some extent with formation of cross 


links of the ether type. 


201 


The protective role of phenyl-8 -naphthylamine 
in irradiation vulcanization is apparently associated 
with scattering of the absorbed energy and with suppres- 
sion of oxidative cross linking. 


3 
ae $0 The nature of the vulcanization bonds in irradia - 

. i tion vulcanizates was determined by a method develop- 

0 b 0 ed previously [5], in which the rate of stress relaxation 
Ln a is measured at constant deformation at 130° in absence 
& 60 ‘S60 of oxygen. It was shown that under these conditions the 
4 4 relaxation rate is determined by the energy of the vul- 
q 60 0 canization bonds. 
os = ‘ . 
a me 4 Figure 5 shows that the irradiation vulcanizate of 


Ss 


natural rubber is superior in thermomechanical resistance 
to sulfurless vulcanizates with thiuram. The irradiation 


100 06t wee” m0 62 avon" vulcanizates attain lower residual deformations and lower 
10 WS = Nop 05 Nope swelling maxima during relaxation under the conditions 
described than do the sulfur vulcanizates (Table 3). The 
Fig. 4. Variation of the unsaturation of SKS-30A results show that the cross links formed in irradiation 
during irradiation in a Co®™ source in air. a) vulcanization are more resistant to heat than the cross 
Purified SKS-30A; b) SKS-30A with phenyl-6 - links in sulfur vulcanizates. 


naphthylamine; 1)rawrubber; 2) after irradiation 
with 36°10°r; 3) ditto, 63-10°r; 4) ditto, 
93°10%r. 


Figure 6 shows the variation of the relaxation rate 
constant in irradiation NR vulcanizates with the number 
of cross links per unit volume, determined from the maxi- 
mum swelling in xylene. It is seen that the relaxation 
rate constant decreases with increasing density of the 
network, This is an important difference between irradiation and sulfur vulcanizates; for the latter it was shown 
[5] that the rate of relative relaxation of stress in not very hard vulcanizates does not depend on the number of 
cross links. The probable reason for the difference is a difference in the type of cross links. Whereas in the 
case of sulfur vulcanizates stress relaxation is the result of breakdown at branch points, in irradiation vulcani- 
zates, which contain C—C cross links of higher stability than the diallyl bonds in the molecular chains, break - 
down of the vulcanization network during chemical relaxation may occur not only at the branch points, but 
along the chains. In the latter case the rate of stress relaxation is inversely proportional to the number of 
branch points per unit volume of the vulcanizate [6]. 


TABLE 3 


Changes in the Properties of Natural Rubber Vulcanizates During Relaxation 
of Stress in a Nitrogen Atmosphere at 130° 


Maximum swelling 
in xylene, % 


‘Initial Jafter relaxa- 


Residual 
elongation, % 


Vulcanizates 


NR with thiuram, 
without sulfur 
NR, integral dose 50-10% r 


43.0 
6.7 


It must also be noted that the relaxation curves of irradiation NR vulcanizates are almost linear (Fig. 7), 
with the exception of a small initial region, in contrast to the relaxation curves of sulfur vulcanizates, which 
conform to an exponential law. This provides further confirmation that chemical relaxation in irradiation 
vulcanizates involves rupture of the molecular chains. Indeed, if it is assumed that the breakdown of chemical 
bonds in the chains is a first-order reaction, the relaxation rate should remain almost constant, as the break- 
down of only a small proportion of the bonds in the molecular chains is sufficient for total destruction of the 
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network, An approximate calculation performed by 
Priss [7] gives the following relationship between time 
and the number of chains per unit volume in the network: 


N = 2v((1 —M,,M) —kt /y). =) 


From this an expression for stress relaxation is easily 


derived; 

owe kt 

5) mE MM) om 
Fig. 5. Stress relaxation of rubbers (at 130°, 
€ = 60%, in nitrogen) subjected to irradia- In Equations (1) and (2) v9 is the number of branch points 
tion vulcanization in air in a nuclear reactor, per unit volume of the original vulcanizate; Mz, is the 
dose 50-10%r: 1) NR irradiation vulcanizate; average molecular weight of the chains in the original 
2) NR with thiuram without sulfur; 8) SKS-30A vulcanizate; k is the constant; ogand o 9 are the values 
irradiation vulcanizate; 4) SKS-30A with sul- of the stress at time t and 0 respectively. 


fenamide and sulfur. : ; 
Equation (2) shows that if chain rupture takes place 


the relaxation curves should be linear and the constant 
rate of stress relaxation k/v 9 (1-~May/M) should be in- 


a 
@ 4 versely proportions) to y o; this is in quepiauye agree : 
Sy ment with the relationship found for irradiation vulcani- 
go zates. 

5 a A more exact calculation [7] shows that at the 

< a last stage of the process (at o/o9 < 0.25) the relaxation 
mo rate decreases and the linear relationship breaks down, 


Ia Ted. 


Concentration of cross links 107!°/mi The experimental data at our disposal are not sufficient 


to check this, The deviation from linearity at the start 

of the relaxation process should probably be attributed to 
Fig. 6. Variation of the stress-relaxation rate relaxation processes associated with chain regrouping. 
constant with the density of the vulcanization 
network in irradiation vulcanizates of purified 
natural rubber, obtained; 1) In vacuum; 2) in 
air. 


It also follows from Fig. 6 that irradiation vulcani- 
zates of purified natural rubber, obtained in air, have 
somewhat higher thermomechanical stability (lower re- 
laxation rate constant) than vulcanizates with the same 
network density obtained in absence of oxygen. This 
may be attributed to addition of oxygen at some of the soluble bonds. This would decrease the number of 
diallyl bonds, with a consequent increase of the thermomechanical stability of the chains. 


The tendency to crystallization under tension of irradiation vuicanizates of natural rubber was deter- 
mined. The crystallinity of the stretched specimens was estimated by Field's method, It follows from the 
data in Table 4 that irradiation vulcanizates made under the action of radiation with relatively small integral 
doses (up to 20~— 30> 10° r) have the same degree of crystallinity as sulfur vulcanizates of the same network 
density. The crystallinity of the irradiation vulcanizates decreases with increasing radiation dose and increase 


of cross link concentration. 
Irradiation Vulcanization of Filled Rubber Mixtures 


It has been shown [3, 4] that the usual vulcanizing agents, sulfur and accelerators, have no accelerating 
effect on irradiation vulcanization or even act as inhibitors (sulfur, thiuram). On the other hand, many in- 
vestigators have noted that fillers have a strong effect both in irradiation and in chemical vulcanization. 
Therefore in the development of recipes for filled mixtures we used rubber~filler mixtures without chemical 


vulcanizing agent. 
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Fig, 7. Stress relaxation of irradiation vulcani- 
zates af NR and SKS-30A of the same network 
density (12 x 10'° mi“), obtained in air; Co® 
source; NR, dose 75- 10° r » maximum swelling 
429%; SKS-30A, dose 90-°10°r, maximum 
swelling 434%. 


The filled mixtures, in the form of calendered 
sheets 0.2-0.3 mm thick interleaved with cellophane 
were placed in aluminum cases for irradiation vulcani- 
zation in the nuclear reactor, or in glass test tubes for 
vulcanization in the Co™ source. Technical vulcani- 
zates were made by vulcanization in aluminum molds 
in the reactor, or in steel molds in the Co® source, 


Table 5 shows that irradiation vulcanization re- 
sults in the formation of a uniform vulcanization net- 
work at all the thicknesses studied down to 40 mm, be- 
cause of the high penetrating power of the radiation. 


The introduction of carbon black gives irradiation 
vulcanizates with denser networks than in unfilled vul- 
canizates (Table 1). The relative effects of different 
fillers on the density of the vulcanization network are 
the same as in ordinary chemical vulcanization. Active 
blacks of the channel type are the most effective. The 
introduction of fillers containing heavy atoms into mix- 


tures of rubber with 50 parts of channel blacks not only failed to produce the increase of hardness which is to 
be expected from literature data [3, 4], but even lowered the hardness somewhat and increased the maximum 
swelling (Fig. 8). This effect is probably analogous to that observed in rubbers highly loaded with inactive 
fillers [8]. The hardness of irradiation vulcanizates increases steadily with the channel black content up to 


100 wt. parts. 


TABLE 4 


Degree of Crystallinity of Natural Rubber Vulcanizates Under Tension 


Vulcani-|Radiation | Max. Intensity ratio Crystallinity 
zation | dose in swelling of crystalline at 400% 
Vulcanizates time, ‘Toentgens | in xylene, oe nate to Rae e 
mur -6 
x 10 o |scattering 
3.0% thiuram, without sulfur 10 — 525 4°42 44.5 
Ditto 50 — 495 1.6 49 
Diphenylguanidine 1.0% + 10 a 720 1.0 at 
+ sulfur 2. 
ee eee 50 th 470 1.45 48 
BL wk 30 759 4.4 42.5 
Irradiation vulcanization 
Ditto = 40 570 0.93 40 
TABLE 5 


Uniformity of Irradiation Vulcanization of a Mixture of NR with 50 wt. Parts of Channel 


Black, Dose 32°10° r, Co®® Source 


Distance from upper surface, mm 


Maximum swelling in xylene, 


To 455 
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463 468 489 484 426 441 431 


It was shown in our earlier investigations that 
both filled and unfilled sulfur vulcanizates made under 
the same vulcanization conditions have the same rate 
of chemical relaxation of stress. In contrast to this 
result, mixtures of rubber with carbon black have a 
considerably lower relaxation rate than unfilled mix- 
tures, after irradiation vulcanization (Fig. 9). The 
thermomechanical stability is higher in specimens with 
channel black than in specimens with the same amounts 
of furnace black. These results indicate that chemical 
bonds are formed between the rubber and the carbon 
black during irradiation vulcanization. 


Maximum swelling, % 


Shore ‘hardness 


The effect of resins of the styrene and epoxide 
Dose, 10° roentgens type on the properties of mixtures based on NR and 
SKS-30AM mixtures containing channel black was 
studied. In contrast to sulfur vulcanizates, where the 
addition of resins results in an appreciable increase of 
hardness, in irradiation vulcanization these resins de- 
creased the modulus and maximum swelling (Fig. 10). 


Fig. 8. Effect of fillers on the properties of NR 
irradiation vulcanizates; Co® source: 1,3) Shore 
hardness; 2,4) maximum swelling in xylene; 
1,2) rubber containing 50 wt. parts of channel 
black; 3,4) ditto with 30 wt. parts of chalk. 

The irradiation temperature in irradiation vulcani- 
zation is significant. .In a number of experiments in- 
crease of temperature increased the degree of cross 
linking and the hardness of the vulcanizate. 


Figure 11 shows variations of tensile strength, 
modulus, and relative elongation for irradiation vul- 
canizates of natural and of oil-filled butadiene—styrene 
(SKS-30AM) rubbers, containing 50 wt. parts of channel 
black, with the dose of energy absorbed. It is seen that 
the maximum tensile strength is found in vulcanizates 
made with the use of a dose of 40—50-10°r (in a cot 


source). 
Fig. 9. Relaxation of stress in rubbers and mix- Table 6 gives comparative data on the physico- 
tures with carbon black (at 130°, € = 60%, in mechanical properties of irradiation vulcanizates made 
nitrogen) after irradiation vulcanization in air in the nuclear reactor, and of sulfur vulcanizates of 
in a nuclear reactor. 1) NR without carbon the tire-rubber type, containing equal amounts of carbon 
black, 50> 10° r; 2) NR+ 40 wt. parts of channel black. The tire rubbers and the irradiation vulcanizates 
black, 38-10°r; 3) SKS-30A + 40 wt. parts of were tested under the same conditions, and the test 
channel black, 38°10° r; 4) SKS-30AM + 40 wt. specimens were all of the same size. The values for 
parts of channel black, 38° 10° r ; 5) SKS-30A the irradiation vulcanizates are somewhat low, because 
without carbon black, 50: tex. molds were not used for vulcanization in this case. 


Rubbers vulcanized by the action of nuclear 
radiations have low residual deformations, low dynamic loss and dynamic modulus, and high endurance in re- 
peated extension. At the same time, irradiation vulcanizates have somewhat lower strength characteristics, 
especially those based on natural rubber. Irradiation vulcanizates have high resistance to oxidative degrada - 
tion. Whereas the tensile strength of the best sulfur vulcanizates of natural rubber falls to 15% of the initial 
value, and the relative elongation to 18%, after 12 hours at 130°, the corresponding values for irradiation vul- 
canizates are 58 and 81% respectively. After 50 hours of aging at 130° the sulfur vulcanizates lose all their 
elastic properties, whereas the aging coefficients of irradiation vulcanizates under these conditions are 0.30 
with respect to tensile strength and 0.70 with respect to relative elongation. The brittle point (— 57°) of irra- 
diation vulcanizates does not change during 12 hours of aging at 130°, whereas the brittle point of sulfur vul- 
canizates rises from — 55 to — 45°. 
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TABLE 6 


Physicomechanical Properties of Rubbers 


Irradiation vulcanization dose 
38 - 10° roentgens 


Tire rubbers 


NR+ 40 wt. 
parts carbon 
black 


Mixtures 


SKS-30AM + 40 
wt. ee furnace 


blac 


Tensile sgrength in 130 | 142 1415 | 78 | 150 | 157 | 294 |236 | 261 | 274 | 324 
Ue dlodealorn. % | 680 | 680 | 800 | 850 | 500 | 540 | 580 |716 | 644 | 636 | 612 
Residual elongation, % 16 | 12 | 16] 20 8 24 |21.6] 33.6 | 33.2) 32 


8 
Modulus at 200%, kg/cm‘) 15.6) 23.6} 8.3) 21.4) 35.6] 28.5 | 49.0/32.0) 34.7 | 26.8] 53 
Modulus at 400%, kg/cm 62.6] 69.0} 39.0) 53.5) 136.5) 132 | 152 | 85 | 102.5] 104 | 100 
Mechanical loss factor 15.3] 15.8) 9.5) 9.5 Hf =c5 || id 5) 35 (18.5 24 LF 10.6 


Dynamic modulus 33.2] 35.6) 24.6] 23.8) 29 | 20.3 | 77 |46.4; 53 | 40.5 | 43 
Endurance, in 1000 cycles} 127 | 336 | 285 | 1000] 51.25) 45.0 | 98 |222 | 410 | 140 | 84 
in repeated extension 
E = 100% at 25° 
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Fig. 10. Effect of fillers on the properties of NR ar ea 
irradiation vulcanizates; Co source: 1,3) tensile Bes es 
strength in kg/cm?; 2,4) 400% modulus in kg/cm?; wo SS. i 
1,2) rubber with 50 wt. parts of channel black; | i Sis ae ee Beis 
3,4) ditto, with 20 wt. parts of Polymer SS. | | {| | bX 
60 | 300 ~*~ a ae 
Bae nis GEE OY SO 
PR A 8 EG ae BH a LD 
The data in Fig. 12 also demonstrate the high 20. 40) «660 BO 00S 120 
stability of irradiation vulcanizates based on buta- Dose, 10° roentgens 
diene—styrene polymers, Under these conditions, 
sulfur vulcanizates show 50% decreases of tensile Fig. 11. Effect of quantity of energy absorbed on the 
strength and relative elongation. properties of irradiation vulcanizates containing 50 wt. 
parts of channel black; a) NR; b) SKS-30AM, Co 
SUMMARY source; 1) tensile strength in kg/cm?, 2) modulus at 


400%, in kg/cm?; 3) relative elongation, %; 4) resi- 


1, The structure and properties of irradiati 
wed . oe dual elongation, %. 


vulcanizates of technical and purified SKB, NR, 
SKS-30A, SKS-30AM, and SKI rubbers with and 
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without fillers, made by irradiation in a nuclear reactor 
and in a cobalt source, with integral doses of 10’-10°r, 
have been studied. 


2. The density of the network formed in irradia- 
tion vulcanization is determined by the quantity of 
energy absorbed, the type of rubber, the irradiation 
conditions (medium, temperature), and certain other 
factors. 


The yield of cross links per 100 ev in air is ~ 12 
for extracted butadiene—styrene rubber, ~ 4 for extract- 
ed NR, and 2.5 for technical SKS-30A. The cross-link- 
ing effect increases with increase of temperature and 
decreases in presence of an oxidation inhibitor (phenyl- 
8 -naphthylamine). 


3. The thermomechanical stability of irradiation 
vulcanizates is superior to that of vulcanizates made 


with thiuram without sulfur, and such vulcanizates under- 
go the least changes in properties during chemical re- 
laxation. 


Fig. 12. Variation of the properties of irradia- 
tion vulcanizates of SKS-30AM with 50 wt. 
parts of channel black during aging; 1) tensile 
strength; 2) 200% modulus; 3) relative elonga- 
tion; 4) maximum swelling; 1',2',3',4") the 
same properties after aging. 


In contrast to sulfur vulcanizates, the relative 
rate of stress relaxation in irradiation vulcanizates de- 
pends on the density of the vulcanization network, This 
indicates that C—C type bridges are formed in the course 
of irradiation vulcanization. The thermomechanical stability of irradiation vulcanizates is raised by the intro- 
duction of active blacks. 


4. The presence of carboxyl, hydroxyl, ether, and ester groups in irradiation vulcanizates of natural, 
butadiene —styrene, and sodium butadiene rubbers vulcanized in presence of air has been demonstrated by in- 
frared spectroscopy. A dose of 60+10°r causes almost complete disappearance of double bonds from extracted 
butadiene—styrene rubber. In the technical rubber, containing phenyl-§ -naphthylamine inhibitor, this dose 
reduces the degree of unsaturation by about 30% of the initial value. 


5. The tendency to crystallization on stretching was studied in irradiation vulcanizates of natural rubber. 
The crystallinity of irradiation vulcanizates made by irradiation with relatively small doses, up to 20—30- 10° rs 
is the same as that of sulfur vulcanizates of the same network density. The degree of crystallization decreases 
with increasing radiation dose. 


6. Conditions for the production of massive multilayer specimens by irradiation vulcanization were in- 
vestigated. It was found that a uniform vulcanization network can be obtained irrespective of the thickness 
of the specimen (in the range 0.1-40 mm). 


1. The physicomechanical and technical properties of irradiation vulcanizates were studied. 


In comparison with the best sulfur with the same filler contents, irradiation vulcanizates have a higher 
resistance to aging (4-5 times as high at 130°), low residual deformations, low hysteresis, high endurance to 
repeated deformation, and high heat resistance, 


The tensile strength of irradiation vulcanizates, as a function of the radiation dose, passes through a 
maximum, but does not reach the values found in the best sulfur vulcanizates. 
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THE CHEMICAL INTERACTION OF SULFUR AND CARBON BLACK 


B. A. Dogadkin, Z. V. Skorodumova, and N. V. Kovaleva 


When channel black is heated with a solution of sulfur in toluene, a chemical reaction occurs and the 
sulfur combines with the carbon surface [1]. This effect is of undoubted interest in relation both to the vul- 
canization process and to the reinforcement of rubber by carbon blacks. It is known that the reinforcement 
effect and the influence of carbon blacks on vulcanization kinetics depend to a considerable extent on the 
surface properties, and in particular on the nature and number of oxygen-containing functional groups on the 
carbon black surface. It became necessary in this connection to find what types of carbon black are the most 
active toward sulfur and what surface groups and regions of the carbon interact with the sulfur. 


Influence of the type of carbon black. The conditions used for the interaction of sulfur with carbon black 
were the same as those described previously [1]. A weighed sample of the black was heated with a saturated 
solution of radioactive sulfur in toluene at 145° in presence of A100 accelerator. The amount of chemically 
bound sulfur was found from the activity of the carbon black after extraction with chloroform. The characteris- 
tics of the carbon blacks are given in Table 1. It follows from Fig. 1,a that the highest activity toward sulfur, 
per unit weight of carbon black, is found in channel black, and the lowest in thermal black. However, if the 
amount of chemically bound sulfur is calculated per unit surface (Fig.1,b), the carbon blacks form the follow- 
ing series in order of increasing chemisorptive activity toward sulfur; channel < furnace < thermal < lamp. 
This series is the reverse of the series of the carbon blacks in order of their oxygen contents; the higher the 
surface oxygen content, the less sulfur does the carbon black bind. These results lead to the conclusion, that 
the chemical interaction of sulfur with carbon does not, in the main, occur through oxygen-containing func- 
tional groups, 


TABLES 


Characteristics of Carbon Blacks 


Sp. surf. Colori- |Elementary composition, % 
from metric 
k phenol pH 0 by 
Type of blac Rate number r eo ee 
oe ye ence 
m * 
Ukhta channel 110 3.47 29.6 93.04-| 4225 Gy ah = 
Ukhta thermal txe 8.45 — 99.26 | 0.65 0.09 — 
Kudinovo lamp 4052 oh 75 99.54 | 0.39 0.07 — 
Dashava furnace 24.2 8.5 5.24 97.45 | 0.68 Rey) Oso 
Channel, hydrogenated 123 FA 28.0 94.84 | 1.46 Shit = 
at 300° 
Hydrogenated at 500° 128 adh 28.2 94.80 | 1.66 3.54 = 
ted at 900° 99.5 9.0 20.6 99.32 | 0.67 0.01 —- 
inch ede the 350° 270 | 2.66 | 20.4° | 82.77 | 1.57] 15.66 


* The specific surface was determined without preliminary blowing of the carbon 
blacks. 
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To test this conclusion, experiments were carried out in which the carbon blacks were subjected to treat- 
ments increasing or reducing their surface oxygen contents. Thus, in the first series of experiments channel black 
was oxidized by the action of heat in air at 350° for 3.5 hours* and reduced by hydrogenation at s0b=500 and 
hydrogen pressure 200-225 atm * *,or heated in hydrogen at 900°" **, It is clear from Fig. 2 that oxidation of 
channel black reduces its chemisorptive activity with regard to sulfur; decrease of the amount of oxygen on the 
carbon black surface increases the amount of chemically bound sulfur. Channel black heated at 900° in hydrogen 
is an exception. Analysis showed that this treatment removes oxygen almost completely from the carbon surface, 
and yet the chemisorption of sulfur is reduced as a result. The explanation of the peculiar behavior of the heated 
carbon black is that a secondary structure is formed at 900°, as shown by the change of the colorimetric number. 
The secondary structure probably arises by contact of the carbon particles at points where the oxygen-containing 
groups have been removed. 


If the secondary structure so formed is broken down 
by means of ultrasonic vibrations, the chemical activity 
g-atoms S/g of the carbon black toward sulfur is increased (approxi - 
mately doubled); 


Bound sulfur before ultrasonic treatment 0.48% 
Ditto, after treatment at 15 kc/sec., 0.88% 


Ditto, after treatment at 25 kc/sec. 0.80% 


In the second series of experiments with channel 
black, the black was evacuated under high vacuum at 
800°, and the vacuumized black was oxidized in air at 
400°, or heated at 1700° in hydrogen. The results of 
the experiments are given in Fig. 3 and Table 2; it is 
seen that the carbon black with the lowest oxygen con- 
tent binds most sulfur per unit surface. The action of 
heat at 1700° in hydrogen results in total removal of 
oxygen and formation of secondary structures which are 
not broke down by ultrasonic vibrations at frequencies 
up to 25 kc/second, The chemical activity toward sul= 
fur is reduced by such heating. 


The third series of experiments was carried out 
with an active American furnace black, Philblack O. 


Heating time, hrs. Philblack O was heated in air at 400 and 500°, and then 
blown through with nitrogen to pH ~ 8. Under these 

Fig. 1. Kinetics of sulfur addition to commer- conditions secondary structures are not formed (the 
cial carbon blacks at 145°. A100 accelerator; colorimetric number remains unchanged; see Table 3), 
a) Calculated on the weight of carbon (g-atoms and only the specific surface and the oxygen content 
sulfur/g); b) calculated per unit area (g-atoms change. Figure 4 shows that the amount of sulfur bound 
sulfur /m?); 1) lamp; 2) thermal; 3) furnace; per unit area decreases with increasing oxygen content 
4) channel. in this type of carbon black also. 


Adsorption of water vapor. Experiments on the 


adsorption of water vapor on carbon black were carried out in order to determine the sites of chemical interac- 
tion of sulfur with the carbon. It was shown by Kiselev et al. [2] that water vapor is adsorbed mainly by the 
oxygen-containing groups of the carbon black. Figure 5 shows the isotherms for adsorption of water vapor on 
commercial channel black and on the same black after reaction with sulfur (the sulfur content was 0.7%). It 
is seen that the adsorption isotherms coincide for the two specimens in the initial region, corresponding to a 
monomolecular layer of water, This shows that sulfur does not affect the activity of the ox ygen-containing 
groups; this is possible only if the sulfur is attached to other regions of the carbon surface, not containing oxy- 
gen. The isotherms diverge only over the regions corresponding to thicker layers of adsorbed water. 

* Carbon black supplied by K, A. Pechkovskaia. 

** Carbon black supplied by N. V. Lukin. 

*** Carbon black supplied by P. A. Tesner. 
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Liberation of hydrogen sulfide, One possibility is that the chemical addition of sulfur to carbon black 
occurs as the result of oxidation—reduction reactions involving hydroxyl groups or hydrogen directly linked 
to the carbon surface of the blacks. If so, hydrogen sulfide should be liberated in the reaction of carbon black 
with sulfur. Studebaker [3] reported that HgS is evolved when molten sulfur is heated with carbon black. We 
did not observe the liberation of hydrogen sulfide [1]. For clarification of this problem, experiments were 
carried out as follows. 2 gof elemental sulfur, 2 g of channel black, and 120 ml of toluene were put into 
a flask; the mixture was heated at 145° for 6 hours. Nitrogen was passed through the system during the whole 
time, and the gas was bubbled through a solution of cadmium acetate in acetic acid. Hydrogen sulfide was 
not liberated in the normal course of the sulfur—carbon black reaction (the amount of sulfur added was 0.7% 
of the weight of the carbon), Likewise, we did not detect the liberation of hydrogen sulfide when a melt of 
2 g of sulfur with 2 g of channel black was heated for 6 hours at 145° in a bulb fitted with a side tube with a. 
stopcock, When the gas phase was blown out of the bulb, it gave a negative test with moist lead acetate paper. 


TABLE 2 


Gharacteristics of Carbon Blacks after Vacuum Treatment 


Sp. surf, [Colorimetric num-| A 
AW per aiter B trasonic entary composition, % 
Carbon black sini cal, 15 25 0 by 
m’‘/g kc/sec |kc/see £ : difference 
Channel black, vacuumized. 150 22.9 20.2 97E26 0.47 Pails 
at 800° 
Ditto, then oxidized at 270 18.7 22.0 93.58 1.05 Seon 
400° in air 
Ditto, then heated at 1700° 100 21.4 21.4 99.65 0.36 (a 


in hydrogen 


Isotope exchange of sulfur attached to carbon black. The sulfur present in polysulfide -S—S,—S— groups 


enters fairly readily into isotope exchange with elemental sulfur [4, 5]. Mono- and disulfide sulfur exchanges 
with more ditficulty or not atall, according to the nature of the radicals. Isotope exchange experiments were 
therefore carried out in order to determine the character of the sulfur attached to carbon black as the result of 
heating at 145°. Weighed 0.06 g samples of carbon black, containing radioactive sulfur s*5, were heated at 
130 and 150° with 7 ml lots of a solution of ordinary elemental sulfur s* in toluene. After the heating, the 
sulfur was extracted with chloroform and its activity was determined [1]. It follows from the data in Table 4 
that the activity of the sulfur-containing carbon black remains unchanged; this means that the sulfur is present 
on the carbon surface in the form of stable compounds of the mono- and disulfide type. The presence of HS 
groups in the carbon black is equally unlikely, as these groups exchange sulfur relatively easily in many com- 
pounds, 


On the assumption that the chemically bound sulfur is present in the form of monoatomic groupings in 
the carbon surface, it is possible to calculate the surface area of the carbon black occupied by sulfur atoms 
for equilibrium values of the added sulfur. If the radius of a sulfur atom is taken as 0.97A, this surface (see 
Table 5) varies between 0.06 and 0.35 m?/m?, 


DISCUSSION OF RESULTS 


These results leave no doubt that chemical interaction may occur between elementary sulfur and carbon 
black in a hydrocarbon medium at the vulcanization temperature. It was shown earlier [1] that vulcanization 
accelerators influence both the kinetics of sulfur addition and the maximum amount of sulfur added. This 
suggests that sulfur may also be added to the carbon in the form of an active complex formed by interaction 
of the sulfur and the accelerator, for example, in the form of sulfhydryl or persulfhydryl groups [6]. The activa - 
tion energy of the addition of sulfur to carbon black is close to the activation energy of the sulfur—rubber re- 
action; its value is approximately 15 kcal./mole for the reaction in presence of accelerator A100. 
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; g-atoms S 
-atoms S 
8 ——y— 410° 


Heating thme, hours Heating time, hours 


Fig. 2. Kinetics of the addition of sulfur to channel Fig. 3. Kinetics of the addition of sulfur to channel 
black treated under different conditions; 1) Com- black treated under different conditions; 1) Channel 
mercial; 2) oxidized at 350° in air; 3) heated at black vacuumized at 800°; 2) ditto, then oxidized at 
900° in hydrogen; 4) hydrogenated at 500° under 400° in air; 3) ditto, then heated at 1700° in hydrogen. 


225 atm hydrogen pressure; 5) hydrogenated at 350° 
under 200 atm hydrogen pressure. « 


mmoles/g 
I 


Heating time, hrs. 


-Fig. 4. Kinetics of sulfur addition to Philblack O 
furnace black; 1) Commercial; 2) oxidized at 400° 
for 15 minutes, then blown through with nitrogen 
to pH ~ 8; 3) oxidized at 500° for 30 minutes, 
then blown through with nitrogen to pH ~'8. 


With the exception of blacks heated in hydro- a Qs 10 fh, 
gen at temperatures above 900°, the amount of 
chemically bound sulfur (per unit area) in carbon 
blacks increases with decreasing content of oxygen 
groups on the carbon surface. The isotope-ex- 
change data indicate that the sulfur is present on 
the carbon surface in the form of stable monosulfide groupings. On this assumption it {s possible to calculate 
the carbon surface occupied by sulfur at equilibriim. The carbon surface occupied by sulfur is plotted in Fig. 6 
against the amount of oxygen contained in the carbon. As already noted, these quantities are in an inverse 
relationship. ; 


Fig. 5. Isotherm for water vapor adsorption: 1) On 
channel black; 2) ditto, after addition of 0.7% sulfur. 


It may be concluded from these results that sulfur mainly reacts with the active regions of the carbon sur- 
face which are not occupied by oxygen groups, Olefinic double bonds in the surface six-membered carbon rings 
in the carbon black structure may act as such active regions [7]. The decreased chemisorption of sulfur after 
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TABLE 3 
Characteristics of Samples of Philblack O 


eee ee eee ee a a Oe Se ee ae ae re ee eee 


Sp. surf, Colori- |_Elementary composition, % 
Carbon black eur N ee pH |metric O by 
, a) a No. 2 Zz S |difference 
Philblack O 75 8.4— 241.7 96.23 1.413 0.80 1.89 
Ditto, but heated to 127 Sau 21.7 96.04 0.46 0.6 2,93 
400° for 15 minutes 
Ditto, but heated to 137 8.6 22.5 95.4 0.64 0.6 3.36 


500° for 30 minutes 


TABLE 4 


Isotope Exchange in Carbon Black Containing Bound Sulfur 


| Activity I/Ip Activity : 
Exchange | Activity I/Iy after 
Activity Exchange | a frer exchange /Iq before 6 h 30° 
I/Ig before time, aT CSS |e time, exchange at 130 
min ~ A 8 min. 
exchange . 130 150 
Without accelerator With accelerator 4100 
0.05 30 0.064 = 0.24 30 0.222 
60 0.067 — 60 0.222 
120 0.060 0.056 120 0.225 
TABLE 5 . 


Surface Occupied by Chemisorbed Sulfur in Various Carbon Blacks 


Elementary composition, % Surface occu- 


Carbgn blacks O by pied by added S, 


Cc H i 2 2 
difference te A 
Ukhta channel 93.04 125 ora 0.064 
Ukhta thermal 99.26 0.65 0.09 0,25 
Kudinovo lamp 99.54 0.39 0.07 0.35 
Dashava furnace 97.45 0,68 1.87 . OF 2 
Channel, hydrogenated at 300° Ve 1.48 a 0.067 
Ditto, at, 500° 94.80 1.66 3.54 0.073 
Channel, heated in hydrogen at 900° 99.32 0.67 Se 0.046 
Channel, oxidized in air at 350° 82.77 1.57 15.66 0.029 
Channel, vacuumized at 800° 97.26 0.47 2,27 0.0485 
Ditto, then oxidized in air at 400° 93.58 1.05 5.37 0.029 
Ditto, then heated in hydrogen at 99.65 0.36 — 0.045 
eel 0 96.23 4.43 1.99 0 046 
: F .46 2.93 0.037 
Ditto, heated for 15 minutes at 400° ek ae 3.36 0.030 


Ditto, heated for 30 minutes at 500° 
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THE MECHANISM OF VULCANIZATION IN PRESENCE OF 
2-MERCAPTOBENZOTHIAZOLE 


B. A. Dogadkin and 1. A. Tutorskii 


One of the commonest vulcanization accelerators is 2-mercaptobenzothiazole (MBT), known to tech- 
nologists under the name of Captax. In 1953 two-thirds of the total quantity of accelerators used by the rubber 
industry of the USA was made up by Captax and its derivatives [1]. This extensive use of MBT as an accelera- 
tor has naturally aroused increased interest in the mechanism of its action. 


Despite the large number of papers on this subject, the mechanism of vulcanization in presence of MBT 
is still not clear, and the literature data on the subject are highly contradictory. Some authors [2, 3] consider 
that MBT interacts with sulfur with formation of HS which is added at the double bonds to give polymeric 
thiols; oxidation of the latter leads to formation of cross links in the vulcanizate, Another viewpoint, associated 
with the action of the so-called vulcanization activators, is that MBT forms a zinc salt during the vulcaniza- 
tion process, and this salt exerts the accelerating action. These views, based on Bruni and Romani's well-known 
disulfide theory [4], have been developed by the work of Zaide and Petrov [5], and were recently upheld by 
Auerbach [6]. 


It has been shown [7, 8] that the sulfur of the sulfhydryl group of MBT is exchanged for elemental sulfur 
at vulcanization temperatures, and hence the initial stage of the vulcanization process is considered to be 
indentical with the exchange reaction. All these theories either have inadequate experimental basis, or do 
not take into account all the different effects taking place in vulcanization, or are based on erroneous views 
which have been refuted by subsequent experimental tests. 


The object of the present work was a systematic study of vulcanization in presence of MBT, and an at- 
tempt to develop a theory of the action of this accelerator from the experimental results obtained. A detailed 
study of the nature of the individual reactions taking place in the highly complex vulcanization process was 
commenced with an investigation of the nature of the reaction between MBT and sulfur. A brief communication 
on the reaction between MBT and sulfur was published by us earlier [ 9]. 


The reaction of MBT with sulfur. This reaction, at the vulcanization temperature, results in the forma- 
tion of hydrogen sulfide, which was removed from the reaction zone by a continuous current of nitrogen and 
absorbed in CdCl, solution. The CdS precipitate was determined iodometrically. The reaction was carried 
out in melts and in inert solvents— vaseline oil and xylene. 


The reaction of HgS evolution in these conditions proceeds at a constant rate (Fig. 1), which may be 
attributed to the very slight changes in the concentrations of the reacting substances during the whole reaction 
time (only 1.5% of the MBT present reacts in 10 hours at 140°). The course of HgS evolution from a melt of 
MBT and sulfur at 140° almost coincides with the course of the reaction in solution (see the curve for 141° in 
Fig. 1). The reaction of HgS evolution conforms to the Arrhenius equation; the activation energy, determined 
graphically, is 33.5 kcal/mole. 


As a result of the reaction, MBT is converted into a polysulfide, the elementary composition of which 
corresponds to the formula of dibenzothiazolyl pentasulfide. The absorption spectrum of. this substance has 
a maximum in the 330 mp region, characteristic of linear polysulfides (Fig, 2, Curve 3). 


These results contradict Fisher's view that the principal intermediate reaction in vulcanization is forma- 
don of hydrogen sulfide when the accelerator reacts withsulfur, The activation energy of the reaction of 
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H2S formation from sulfur and MBT is 33.5 kcal/mole. 
The accurate value of the activation energy of the re- 
action of sulfur addition to purified natural rubber* in 
absence of accelerator is 33.5** kcal/mole (Fig. 3,a), 
and that of the reaction of sulfur addition in presence 
of MBT, 20.9 kcal/mole (Fig. 3,b). Thus, the activa- 
tion energy of H2S formation is close to the activation 
energy of the vulcanization process in absence of ac- 


HS mole/liter 10° 


az - —4 sec X 1074 celerator, and is considerably greater than the apparent 
Fig. 1. Kinetics of hydrogen sulfide evolution activation energy of vulcanization in presence of MBT. 
during the heating of sulfur (0.625 g-atom/liter) Because of the high value of the activation energy and 
with MBT (0.06 mole/liter) at various tempera- the very low rate constant of the reaction of H2S evolu- 
tures in vaseline oil solution. tion, the evolution of H2S cannot be regarded as the 


principal intermediate reaction in vulcanization. 


The chemical interaction of MBT with sulfur is 
manifested not only in the reaction of H,S evolution 
studied by us, but in the isotope exchange reaction of 
MBT with elemental sulfur, first reported by Miklukhin 
and Blokh [8], and studied in detail by Gur‘ianova [7] . 
There are indications that in rubber stocks the exchange 
between MBT and sulfur is retarded [8] or does not pro- 
ceed at all [6]. To settle this problem, we studied the 
exchange between MBT and elemental sulfur under 
vulcanization conditions. Stocks of the following com- 
position (in wt. parts); natural rubber (NR) (purified) 

250 300 S50 X, Mp 100, S (tagged with s isotope) 5, MBT 3, Neozone D 1, 
were vulcanized in a press at 120, 140, and 160°. MBT 
was separated from sulfur by solution in cold 5% Na,CO, 
solution followed by precipitation with 10% HC] solution. 
The course of the exchange reaction was determined 
from the appearance of radioactive sulfur atoms in the 
MBT. The kinetics of sulfur addition was studied radio- 
metrically at the same time. 


Fig. 2. Absorption spectra of the conversion 
products of MBT; 1) Altax; 2) reaction pro- 
duct of chlorobenzothiazole and H,S,; 3) con- 
version products of MBT. 


“JO 60 90 20min. 


Fig. 3. Kinetics of sulfur addition in stocks of the compo- 
sition (in wt. parts); a) NR 100, S 5, Neozone D 1; b) NR 
100, S 5, MBT 3, Neozone D 1. 


*The rubber was purified by extraction with cold acetone for 20 hours in a nitrogen atmosphere, followed by 
reprecipitation from 1% solution in benzene by addition of methyl alcohol. The bound sulfur was determined 


radiometrically [10]. 
* * As in original — Publisher's note. 
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The variations of MBT activity can be represented by curves with maxima (Fig. 4). The dependence of 
the activity variations on the temperature is anomalous: the curve for 140° lies above the curve for 160°. The 
course of the variation of MBT activity during vulcanization is indicative of the existence of intermediate 
compounds with higher relative sulfur contents than MBT. These compounds were extracted in NagCO, solu- 
tion together with the unreacted MBT, which shows that they contain thiol groups. The absorption maximum 


at 330 my found for these compounds (Fig. 5) indicates the presence of a polysulfide group. Elementary analy- 
sis showed that the S content of these compounds is 
over 50.2% (the S content of MBT is 38.4%). The 
change in the activity of MBT extracted from the stock 
after vulcanization, which depends both on the rate 

of the isotope exchange reaction and on the rate of . 
formation and decomposition of intermediate com- 
pounds of the polysulfide type, also depends on the 
concentration of free elemental sulfur. Therefore the 
curve for the variation of the activity of MBT at 160° 
lies below the corresponding curve for 140°. If a cor- 


20 40 60 démin. rection for the sulfur concentration is introduced, the 
curves assume a normal relative position but retain 
Fig. 4. Variation of the activity of MBT extracted their maxima. 


from stocks of the composition; NR 100, MBT 3,S 5, 


Réocone Edt we ipeict, Therefore the intermediate compound formed 


by the reaction of MBT with sulfur under vulcaniza- 
tion conditions is a polysulfide of the composition: 


N 
ees 
Gall, O— ote 


Net 


A representative of this class of compounds 
( 2-benzothiazolyl hydrodisulfide) was synthesized 
from 2-chlorobenzothiazole and hydrogen polysulfides, 
and identified by elementary analysis and spectro- 
photometrically. A characteristic absorption maxi- 
mum was found at 330 mp (Curve 3, Fig. 2). 


250 300 50 A, mye 


Fig. 5. Absorption spectra of MBT extracted in 
Na,CO; solution, after reaction with sulfur; 
1) In stock; 2) in melt. 2-Chlorobenzothiazole was synthesized from 
MBT and PCls in POC]; [11]. For preparation of hy- 
drogen polysulfides, a solution of sodium polysulfides was poured into concentrated HCl with cooling [12]. 
The mixture of hydrogen polysulfides was distilled; the disulfide distilled at 75°. 2-Benzothiazolyl hydro- 
disulfide was prepared as follows: 5 g of 2-chlorobenzothiazole was added dropwise with stirring to 4.13 g 
of freshly prepared H2S, dissolved in CS). After 5 minutes a yellow precipitate was formed and the bulb. be- 
came warm, CS, was then distilled off and the product was recrystallized from absolute ethyl alcohol. The 
melting point of the product was 86°. The results of elementary analysis are given below: 


Calculated for C7HsNS, % Found % 
Cc 42,70 42.60 
H 2.52 2.43 
N 7.05 1.27 
S 48.33 47,35 


The molecular weight of the substance, determined cryoscopically in thymol solution, was 191 (the theo- 
retical value for 2-benzothiazolyl hydrodisulfide is 199). An attempt to obtain a substance with a higher sul- 
fur content was not successful, apparently owing to the instability of the polysulfide groups. 
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The reaction of 2-benzothiazolyl hydrodisulfide 
with sodium butadiene rubber causes extensive degra- 
dation of the latter under mastication conditions, with 
a decrease of the rate and degree of cross linking dur- 
ing vulcanization. 


‘Effect of the zinc salt of MBT on the vulcaniza- 
tion process, As was noted above, a number of investi- 
gators consider [4, 6] that the accelerating effect of MBT 
is associated with its conversion into the zinc salt. Others 
[13] have shown that vulcanization activators— zinc oxide 

0 20 30 40 30 60 and stearic acid — have almost no effect on the rate of 
Vulcanization time, min. sulfur addition, but greatly increase the rate of cross 
linking. It was therefore desirable to compare the ac- 
celerating effects of MBT and its zinc salt. Mixtures 
of sodium butadiene rubber without fillers, containing 
1 wt. part of MBT or its sinc salt, were prepared for 
this purpose, The course of sulfur addition during vul- 
canization of these mixtures at 143° is plotted in Fig. 6. It is seen that the rate of sulfur addition is lower in 
presence of the zinc salt of MBT than in presence of MBT itself. Therefore, in contradiction of Auerbach's 
views, the formation of the zinc salt cannot be regarded as the determining factor in the accelerating action 
of MBT. 


Fig. 6, Kinetics of sulfur addition in the vulcani- 
zation of SKB stocks at 148° in presence of MBT 
(1) and its zine salt (2). 


Nsp/C 


Bound .MBT , % 


10 2 30 40 50 FO 7 
Milling time, min. 


Fig. 7, Addition of MBT during mastication of 
natural rubber; 1)in air; 2) in nitrogen contain- 
ing 0.5% Og; 3) in nitrogen. 


10 2 8 40 50 éomin. 


Fig. 8. Variation of intrinsic viscosity during mastica- 
tion of natural rubber; 1) in air; 2) in nitrogen contain- 
0.5% Op; 3) in nitrogen. 


Reaction of MBT with rubber. It was shown 
by Dogadkin et al., [14, 15] that derivatives of 
Captax — Altax and Sulfenamide BT — react chem- 
ically with rubber; this is a very important factor 
in vulcanization in presence of these accelerators, It was therefore of interest to determine the extent to which 
interaction of MBT with rubber influences the vulcanization process in presence of this accelerator, Our ex- 
periments showed that addition of MBT to rubber occurs even at the first stage of the technological process, 
during mastication. The amount of MBT added to rubber was determined radiometrically and by oxidation with 
a mixture of HNO, and Brg in presence of MgO with subsequent determination of SO, as barium sulfate [16]. 
Structural changes in the rubber were determined viscosimetrically. 


Addition of MBT to rubber proceeds at the highest rate during mastication in air (Fig. 7); the solution 
viscosity decreases at the highest rate under the same conditions (Fig, 8). This confirms that the action of 
MBT is associatdd with activation of oxidation processes [17]. However, the viscosity of the rubber solution 
decreases (Fig. 8) and MBT is added to rubber (Fig. 7) even during mastication in pure nitrogen (Fig. 7). 
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Moreover, MBT decreases the viscosity and is added to 

the polymer during cold mastication of saturated poly- 

mers such as polyisobutylene. The only explanation 

for these facts is that the free radicals formed by mech- 

anical rupture of the covalent bonds of the rubber mole- 
MBT ound! MBT total cule (polymeric radicals) react with the MBT molecule, 
saturating their free valences, so that their recombina- 
tion is hindered and the molecular weight falls sharply. 


Natural rubber, masticated with 1 wt. part of MBT 
50 700 min in a nitrogen atmosphere, was fractionated; it was found 
that the fractions of lower molecular weight had con- 
siderably higher MBT contents. This suggests that MBT 
is added mainly at the ends of the radicals formed by 
mechanical rupture of the molecular rubber chains. 


ad, 


Fig. 9. Heating of MBT with natural rubber in 
the press at 120 and 140°. 


When the masticated product was heated in a 
Se1.bound, MBTpound press at vulcanization temperatures, very piers addition 
g atoms/liter moles/liter - 10? of MBT to the rubber took place (Fig. 9); this is in agree- 
ee ment with reports in the literature that mercaptans do 
not add on to olefins in absence of catalysts [18]. 


Thus, addition of MBT to the rubber already takes 
place during mastication. Addition of MBT to rubber 
does not take place on heating in absence of sulfur. 

The interaction of MBT with rubber has a complex 
mechanism, and depends on a combination of mechani- 
cal, thermal, and oxidative processes, The interaction 
of MBT with rubber has been considered in greater de- 
Fig. 10. Addition of sulfur and MBT during vul- tail elsewhere [19]. 

canization of natural rubber at 120°: 1) sulfur; 
2) MBT with ZnO; 3) MBT without ZnO. 


12 0% 3 48 60 . 
Vulcanization time, sec-10 


Conversions of MBT in vulcanization conditions, 
For determination of the mechanism of the reactions 
in rubber —sulfur—accelerator ternary systems, a sample 
of MBT tagged with s** radioisotope in the thiazole ring 
was synthesized. The synthesis was carried out as fol- 
lows: MBT was synthesized from phenyl mustard oil 


‘S and elemental s*° by Jacobson's method [20]. Gur‘ianova 
- 4 and Kaplunovy [21] showed that both the sulfur atoms are 
3 2 tagged under these conditions. The MBT was then heated 
3 at 140° with excess of elemental inactive sulfur for 6 
AS 2 hours. The exchange reaction reaches equilibrium during 
3 this time, and the MBT formed is tagged in the thiazole 
ay ring only. The activity of the MBT was halved. The 
$ u MBT molecule was therefore tagged with a sulfur atom 
a y ey 6. 8 which does not exchange with elemental sulfur under 
Sbound g-atoms/g «1 04 vulcanization conditions; it was thus possible to follow 


the course of sulfur addition and of the reaction of addi- 
Fig. 11, Amount of baund pliner o teedon et tion of the accelerator to the rubber. The MBT so pre- 
bound MBT: 1) NR; 2) SKB. pared was used for vulcanization of NR and SKB stocks 

without fillers, with and without zinc oxide. The amount 

of MBT added to the rubber was determined radiometri- 
cally, and the sulfur (elemental and combined in the accelerator) bound with the rubber was determined by 


oxidation of the vulcanizate with a mixture of HNO, and Brg in presence of MgO, followed by determination of 
SO, as barium sulfate, 
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The reactions of addition of sulfur and accelerator to the rubber occur in parallel (Fig. 10). Rather more 
MBT is added in presence of zinc oxide (Curve 2, Fig. 10) than in its absence (Curve 3, Fig. 10). The ratio of 
bound sulfur to bound MBT remains constant during the vulcanization; this is shown by the linear relationship 


between the bound sulfur and the MBT added (Fig. 11). There is a linear relationship between the number of 
cross links and the amount of bound MBT (Fig. 12). 


The reactions of sulfur and accelerator addition 
also follow a similar course in the vulcanization of 
SKB stocks (Fig. 13). After the addition of sulfur to 
the rubber is complete, the addition rate of MBT is 
also retarded sharply, although its concentration in the 
mixture is still relatively high. This fact indicates 
that there is a direct connection between the reactions 
of sulfur and accelerator addition to the rubber, and is 
in agreement with literature data on the catalytic action 
of sulfur on the addition of mercaptans to olefins. Direct 
confirmation of the fact that addition of MBT to rubber 
ZOEENIE EN OS SIO TATE ; ; 
5 proceeds at an appreciable rate only in the presence of 
Cross links, moles/g:10 ; ; ; . 
sulfur is provided by an experiment on the introduction 
f ; ines ‘ 
Fig. 12. Dependence of the number of cross links of sulfur into the vuulesnlzate by swelling. Introduction 
;: of sulfur into the vulcanizate (at the stage of complete 
on: 1) amount of bound sulfur; bound MBT; 2) hes 
NR; 3) SKB sulfur addition) increases the rate of MBT addition to 
; . the rubber (Curve 3, Fig. 13). Thus, when sulfur and 
MBT react with rubber, the reagents activate each other, 
i.e., reactive forms (probably free radicals) of the sul- 
fur and accelerator are formed simultaneously. 


MBT ph oyndmolesé - 10° 


S61. bound8~atoms/g +104 


: 3 | 
p= Be DISCUSSION OF RESULTS 
=~ 2 
5 S On the basis of the above experimental data, we 
iy ra consider that the following mechanism of vulcanization 
% =e in presence of MBT is probable. 
g 
a 5 When MBT reacts with sulfur, 2-thiobenzothia- 
wn aQ ¢ : 
u zolyl and persulfhydryl radicals are formed simultane - 
S: ously. 
0 10 20 Jd) 40 : 
Vulcanization time, sec +10" 
Fig. 13. Kinetics of the addition of sulfur (1) VAN ye’ 
$e? te REC CoHaC De — SH +85 > Coad DE — S++ HSs-> 
and MBT (2) in the vulcanization of SKB at 148°. S S 
Sulfur introduced into the vulcanizate by swelling ss (I) (II) 
(3). Seni? Se = sue 828 
6 WZ x a 8s—x 
(iI) (IV) 
a 
The CoH, C—S' reacts with sulfur, with scission of the eight-atom ring, or (as was examined 
Ns 


by one of the present authors [14]) with rubber, with removal of hydrogen from the a-methylene group, and is 
reduced to MBT or added at the double bond, 


The HS,’ radical can be added on at double bonds with formation of polymeric permercaptans; oxidation 
of the latter or their interaction with double bonds results in the formation of polysulfide bonds, By this reac- 
tion mechanism the number of sulfur atoms in the sulfide bonds in the vulcanizate, large at the start of the 
process, should gradually decrease owing to breakdown and regrouping of the polysulfide bonds, This is in agree - 


ment with the findings that the amount of sulfur involved in isotope exchange decreases steadily as vulcaniza- 
tion. proceeds [22]. 
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Recombination of the benzothiazolyl and persulfhydry] radicals results in the formation of 2-benzothia- 
zolyl hydropolysulfide, liberating a variable number of sulfur atoms in the form of Sg“x biradicals, which di- 
rectly join the rubber molecular chains. 

This mechanism is in agreement with our data [23] according to which the rate constant for the addition 
of sulfur is a linear function of the accelerator concentration. Therefore the determining stage in the vul- 
canization process in presence of MBT is reaction of the accelerator with sulfur according to the scheme de- 
scribed above. 


SUMMARY 


1. The kinetics of hydrogen sulfide evolution during the interaction of MBT with sulfur in the 140-180° 
range was studied. The activation energy of the process is 33.5 kcal/mole. Because of its high activation 
energy, this reaction cannot be regarded as the main intermediate reaction in vulcanization. - 


2. The isotope exchange reaction of MBT with sulfur was studied under conditions of practical vulcani- 
zation. The activity of the MBT extracted from the vulcanizate is represented by a curve with a maximum. 


3. One of the intermediate compounds formed in the reaction of MBT with sulfur under vulcanization 
conditions is a polysulfide of the composition; 


N 
Cala ye Sa Sit: 


4, 2-Benzothiazolyl hydrodisulfide was synthesized from 2-chlorobenzothiazole and hydrogen disulfide. 


5. Addition of MBT occurs during the cold mastication of natural, sodium butadiene, and polyisobuty- 
lene rubbers in different gaseous media; the rate is greatest during mastication in air. The solution viscosities 
decrease sharply under the same conditions. 


6. Almost no addition of MBT to rubber takes place on heating in a press at vulcanization temperatures, 


7. The kinetics of sulfur addition to purified natural rubber in absence of accelerator and in presence 
of MBT was studied in the 120-160° range. The activation energy of sulfur addition was found to be 35.5 and 
20.95 kcal/mole respectively. 


8. In the vulcanization of natural or sodium butadiene rubber stocks, the addition of sulfur and of MBT 
are coupled reactions. Addition of MBT to rubber occurs only in presence of sulfur, Consequently, mutual 
activation of sulfur and MBT takes place under vulcanization conditions, i.e., reactive forms (probably free 
radicals) of sulfur and the accelerator are formed simultaneously. The amount of MBT added to the rubber 
is a linear function of the amount of sulfur added. 


9. It is suggested that the mechanism of the accelerating action of MBT depends on the formation of 
2-thiobenzothiazolyl and persulfhydryl radicals according to the scheme; 


N N N 
fe S ie 
CHC YC — SH + 8, Ol YC = Gare ne Cota wc = er 


‘ 10. The zinc salt of MBT is not a more active accelerator than MBT itself in the vulcanization of SKB 
stocks, 


LITERATURE CITED 
[1] Report of Conference on Accelerators, Akron, USA, April 6, 1956; Rubber Age 79, 459 (1956). 
[2] H. Fisher, Ind, Engng. Chem. 31, 1381 (1939). 


272 


[3] I. T. Taranenko, Light Industry, No. 3, 24 (1955). 

[4] G. Bruni and E. Romani, India-Rubber J. 62, 63 (1921). 

[5] D. A. Zaide and K. D., Petrov, J. Rubber Ind. 12, 665 (1935). 
[6] J. Auerbach, Ind. Eng. Chem. 45, 1526 (1953), 

{7] E.N. Gur‘ianova, Proc, Acad. Sci. USSR 98, 229 (1954). 


[8] G. A. Blokh, E. A. Golubkova and G, P. Miklukhin, Light Industry 7, 25 (1952); Proc. Acad. Sci. 
USSR 90, 201 (1953). 


(9] B. Dogadkin and I. Tutorskii, Proc. Acad. Sci. USSR 108, 259 (1956).” 
[10] B. A. Dogadkin, Z. N. Tarasova and M. Ia. Kaplunov, Factory Labs. 4, 296 (1955). 
{11] N. Drozdov and V. Stavrovskaia, J. Gen. Chem. 7, 2813 (1937). 
{12] J. Bloch and F. Hohn, Ber. 41, 1965 (1908). 
[13] B. Dogadkin and I. Beniska, Colloid J. 18, 167 (1956).* 


[14] B. A. Dogadkin, M. S, Fel'dshtein, A. V. Dobromyslova, V. V. Shkurina and M. Ia. Kaplunov, Proc. 
Acad. Sci. USSR 92, 61 (1953); B. A. Dogadkin, V. V. Seliukova, Z. N. Tarasova, A. V. Dobromyslova, M. S. 
Fel'dshtein and M, Ia. Kaplunov, Colloid J. 17, 215 (1955). * 


[15] B. A. Dogadkin and M. S, Fel'dhstein, J. Appl. Chem. 28, 533 (1955).* 
[16] J. Franta, Gumarenska technologia (Praha, 1953). 


[17] B. A. Dogadkin, B. K. Karmin, A. V. Dobromyslova and L. F. Sapozhkova, Colloid J. 10, 268 (1948); 
E. P. Kheraskova and A. P. Gamaiunova, Colloid J. 12, 146 (1950). 


[18] S.O. Jones and E.E. Reid, J. Amer, Chem. Soc. 60, 2452 (1938). 

[19] B. A. Dogadkin, A. V. Dobromyslova, L. F. Sapozhkova and I. A. Tutorskii, Colloid J. 19, 421 (1957)." 
[20] P. Jacobson and A, Frankenbacher, Ber, 24, 1402 (1891). 

[21] E. N. Gur‘ianova and M. Ia. Kaplunov, Proc. Acad. Sci. USSR 94, 53 (1954). 

[22] B. A. Dogadkin, Paper at International Symposium on Macromolecular Chemistry, Prague (1957).” * 
[23] B. A. Dogadkin, I. A. Tutorskii and D. M. Pevzner, Proc. Acad. Sci. USSR 112, 449 (1957)." 


The M. V. Lomonosov Institute Received March 2, 1958 
of Fine Chemical Technology, Moscow 


Original Russian pagination. See C.B. Translation. 
* *In Russian. 


273 


THE VULCANIZING ACTION OF CERTAIN HETEROCYCLIC DISULFIDES 


M..S. Fel'dshtein, I. I. Eitingon, D. M. Pevaner, and B. A. Dogadkin 


The possible use of organic di- and polysulfides [1, 2], which are simultaneously accelerators and indep- 
endent vulcanization agents, is of considerable interest in relation to intensification of technological processes 
in rubber production. The present communication contains the results of a study of the action of heterocyclic 
disulfides containing > N—-S—S—N< bonds in the molecule. Compounds of this type include N,N'-dithio- 
dimorpholine 


CH, CH, CH, CH, 
of SN-S—S—NC SO. 
CH, CH, CH, CH, 


The vulcanizing action of N,N‘-dithiodimorpholine was studied in stocks based on SKS-30A butadiene— 
styrene rubber without elemental sulfur. For comparison, the course of vulcanization of stocks containing sul- 
fur was studied in parallel experiments, In the former case 7.4 wt. parts of N,N'‘-dithiodimorpholine was in- 
troduced into the stock; this corresponded to 2 wt. parts of sulfur per 100 wt. parts of rubber — the amount gen- 
erally used in rubber stocks containing vulcanization accelerators, The data in Fig. 1 show that N,N '‘-dithio- 
dimorpholine produces a much greater vulcanization effect than is found in stocks containing elemental sulfur 
(in absence of accelerator). 


The strength characteristics of dithiodimorpholine vulcanizates at the vulcanization optimum are quite 
comparable with those of vulcanizates made with the use of sulfur and an accelerator — benzothiazolesulfen- 
diethylamide (Sulfenamide BT). The vulcanizing action of N,N'=dithiodimorpholine is greatly increased in 
presence ofsuch accelerators as mercaptobenzothiazole (MBT), dibenzothiazole disulfide (DBTD), and Sulfen- 
amide BT. The vulcanization systems obtained by the combined use of N,N'-dithiodimorpholine and the above- 
named accelerators are so effective that the concentration of the vulcanization agent introduced into the stock 
can be reduced considerably. It follows from the data in Fig. 2 that the vulcanization system N,N'-dithiodi- 
morpholine — DBDT (without sulfur) yields, at the vulcanization optimum (40-50 minutes at 138°), vulcani- 
zates of equal modulus to those obtained with the use of Sulfenamide BT and considerable amounts (3.0 wt. 
parts) of sulfur. During the first stage of the process (in the first 30 minutes) the vulcanization rate in stocks 
containing N,N*-dithiodimorpholine is lower than in sulfur stocks containing Sulfenamide BT. 


Because of this course of vulcanization in systems with N,N'-dithiodimorpholine, such systems have less 
tendency to scorching at higher curing temperatures. Thus, stocks with N,N'-dithiodimorpholine, like stocks 
with Sulfenamide BT, have shownno tendency toscorching at 110°. Data on the variation of the Mooney plasti- 
city (Fig. 3) show that the viscosity curve at 130°, which represents the vulcanization effect in a stock contain- 
ing Sulfenamide BT, ascends steeply, whereas the stock containing N,N'-dithiodimorpholine gives a much flatter 
curve. Thus, the vulcanization process occurs rapidly at temperatures above 130° in stocks containing N,N'- 
dithiodimorpholine as vulcanization agent (with DBDT accelerator), 


Because of this peculiarity in the course of vulcanization of stocks containing N » N'-dithiodimorpholine 
as accelerator and vulcanization agent, the systems retain their viscofluid state for a longer time during the 
initial stage of vulcanization. This fact, and also the absence of free sulfur, which therefore cannot migrate 
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Fig. 1. Strength characteristics of vulcanizates 
with channel black, containing: 1) 5 wt. parts 
sulfur; 2) 7.4 wt. parts N, N'-dithiodimorpho- 
line; 3) 2 wt. parts sulfur and 1 wt, part Sul- 
fenamide BT; modulus; — ~—)tensile 
strength. 
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Fig. 3. Variation of Mooney plasticity in stocks 
of the breaker type at 130°, containing: 1) 3 wt. 
parts sulfur and 1 wt. part Sulfenamide BT; 2) 

3.7 wt. parts N,N'-dithiodimorpholine and 1 wt. 


part DBDT. 


Modulus at 300% elongation, kg/cm? 


Vulcanization time, min. 


Fig. 2. Effect of N,N'-dithiodimorpholine in stocks of 
the breaker type, containing: 1) 3.7 wt. parts N,N'-di- 
thiodimorpholine and 1 wt, part DBDT; 2) 3 wt. parts 
sulfur and 1 wt. part Sulfenamide BT. 


to the surface of the raw rubber stocks, has a favorable 
influence on the continuity of multilayer rubbers. Thus, 
replacement of sulfur vulcanizing systems by N,N'‘-dithio- 
dimorpholine increases the dynamic endurance of 
plied vulcanizates from 1000 to 1700 cycles, N,N!-di- 
thiodimorpholine also has a favorable influence on the 
resistance of vulcanizates to the spread of cracks during 
repeated flexing; this value increases from 117,500 (for 
ordinary vulcanization systems) to 225,000 cycles. The 
higher fatigue resistance of vulcanizates made with the 
used of N,N'-dithiodimorpholine is probably the result 
of the presence of stable vulcanization bonds. 


The above results therefore show that the use of 
heterocyclic disulfides, in particular N,N'-dithiodimor- 
pholine, produces a considerable improvement in a num- 
ber of important technical properties of vulcanizates, 
In these systems the vulcanization is effected at higher 
temperatures, and the possibilities for intensifying the 
processing of rubber stocks are thereby increased. The 
economic aspects of the use of these vulcanization 
agents depend primarily on the possibility of using them 
in smaller quantities, It is therefore necessary to find 
activators which would make it possible to use them 
in the quantities usual for the common vulcanization 
accelerators. 
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Fig. 4, Addition of sulfur and nitrogen during vulcanization of fillerless stocks 
with N, N‘-dithiodimorpholine (a) and N,N'-dithiodipiperidine (b) 1) bound 
sulfur Spound /Ssotal» 2 2) bound nitrogen Npound /Nyotal’ %; 3) “true” free 
sulfur Sfree/Stotay» %- 


The independent vulcanizing action of N,N‘-dithiodimorpholine may be the consequence of its decom- 
position at the S—S bond to give free radicals 


CH, CH, ote ia Cs 

a Wes ee ge __ gt 

0 _  >N-S—S—NC¢ 0+ 20¢ SNS 
CH, CH, CH, CH, CH, CH, 


followed by their interaction with the rubber molecules by the mechanism described by us for dibenzothiazole 
disulfide and benzothiazolesulfendiethylamide [3, 4]. 


If so, vulcanization should result in the formation of structures the sulfur and nitrogen contents of which 
_ should correspond to the sulfur and nitrogen contents in the thiomorpholine radical. To test this, in addition . 
to the studies of the kinetics of sulfur and nitrogen addition (after acetone extraction), changes in the content 
of the so-called “true” free sulfur in vulcanizates made with N,N'-dithiodimorpholine in the course of vul- 
canization were determined. The “true” free sulfur was determined by the Schulte method [5] in the same 
vulcanizate specimens, but without previous extraction. It follows from Fig. 4 that both sulfur and nitrogen 
are added to the rubber during vulcanization, The curves for the addition kinetics ascend steadily, but con- 
siderably more sulfur than nitrogen is added. The excess of added sulfur indicates that asymmetrical decom- 
position of N,N,-dithiodimorpholine also occurs, according to the scheme; 


Fas. CHa CH, CH, 
Se nen ES eas 

On N—S—S N< O 
CH, CH, CH, CH, 
CHe ne CH, CH» 
’é —_S—_g# 4 «yn Z ay 

ke ee ee NK a 
CH, CH, CH, CH, 
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subsequently this may lead to liberation of “free” sulfur in the form of a biradical 


CH; CH, CH, CH; 
OG DN—S—S*+0C NN 4 45 — 58, 
CH, CH, cli, Cf, 


The liberation of sulfur and its subsequent interaction with the rubber {s reflected in the course of Curve 
3, Fig. 4. The radicals 


CH, CHg 


are stabilized, either by recombination or by acceptance of hydrogen from the rubber molecules, The explana- 
tion for the maximum on the kinetic Curve 3 (Fig. 4) is that in the initial stage of vulcanization the rate of 
decomposition of N,N'-dithiodimorpholine exceeds the rate of addition of sulfur to the rubber. 


To determine whether this vulcanizing action is characteristic of N,N‘-dithiodimorpholine only, or 
whether it is also found in other heterocyclic compounds of this type, containing > N—S—S—N< bonds, the 
vulcanization activity of N,N '-dithiodipiperidine 


CH, CH CH, CH, 

A . Soe, S 
CHa C JN ae Tea > CHa 

CH, CHz CH, CH, 


was studied, 


The results showed that the structurizing (vulcanizing) effect of N,N'-dithiodipiperidine is even greater 
than the effect produced by N,N'-dithiodimorpholine. Data on the course of addition of sulfur and nitrogen 
and liberation of free sulfur during vulcanization of rubber with the use of N,N'-dithiodipiperidine are plotted 
in Fig. 4. The kinetic curves for vulcanization with N, N'-dithiodipiperidine are similar to the curves obtained 
with the use of N,N'-dithiodimorpholine. 


SUMMARY 


1. The kinetics of vulcanization (structure formation) of rubber by the action of N,N'‘-dithiodimorpho- 
line is described. 


2. Vulcanization with N,N'-dithiodimorpholine is accompanied by addition of sulfur and nitrogen; the 
amount of bound sulfur is considerably greater than the amount of bound nitrogen (calculated as equivalents). 


3. The vulcanizing action of N,N'‘-dithiodimorpholine is considered to be the result of unsymmetrical 
decomposition of this compound into free radicals. 
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IONIC DEPOSITION FROM CARBOXYLIC DIVINYL — STYRENE REFLEXES 


D. M. Sandomirskii, Iu. L. Margolina, B. A. Dogadkin and L. S. Krokhina 


The production of rubber articles directly from latex by ionic deposition is based on the interaction of 
the electrolyte cations diffusing into the latex, with the protective membranes of the globules. This interac- 
tion results in destabilization of the globules and formation of a gel [1]. In practice, this method is suitable 
only for latexes which give fairly strong gels and vulcanizates without fillers, Unti) recently only natural and 
chloroprene latexes satisfied this condition, and the industrial adoption of the fonic deposition method was 
therefore restricted. As is known, synthetic rubbers containing carboxyl groups in the molecule give very strong 
vulcanizates without fillers [2], Preliminary experiments showed that carboxylic latexes yield fairly strong 
gels by ionic deposition. It was therefore desired to carry out a systematic study of ionic deposition from carbo- 


xylic latexes, 


Two carboxylic divinyl—styrene latexes, differing in their contents of metacrylic acid, were studied. * 
The composition and certain properties of these latexes are given in Table 1. 


TABLE 1 
Composition and Properties of KL-4 and KL -10 Latexes 


Constituents i 2 

Lat a = 76 |22 

J ) equ ov 7) rw bb sa 4 3 

a | & [eed] § a | ® |Gak [23 

SS > |lsggel = A Bb asd > 9 
KL-4 70 30 4 200 4.0 | 19.90} 0.998 54.2 2.04 
KL-10 70 30 10 200 3.0 | 18.04] 1.04 38,8 2.16 


The pH of these latexes may be varied over a wide range by additions of different amounts of concen- 
trated ammonia solution; these cause appreciable variations in the properties of the latexes. For example, 
as the pH is increased from 4 to 10.1, the surface tension of KL-4 latex decreases from 54,2 to 40.1 dynes/cm. 


Viscosity changes in latexes containing 4 and 10% of methacrylic acid are slight. 

The coagulant used for the ionic deposition had the following composition (parts by weight); calcium 
chloride 18, kaolin 25, phenol 1, water 56, The extent of deposition was determined from the thickness of 
a dried (3-4 hours at 60°) and vulcanized (30 minutes at 104°) film. 

The course of deposition from the two latexes at different pH is plotted in Fig. 1. It follows from these 
results that the rate of ionic deposition depends considerably on the pH of the latex, decreasing with increas- 
ing pH. This is especially noticeable in the case of KL-10 latex. 

It was stated above that the physical, mechanical, and other properties of the gels formed by ionic de- 
position largely determine the practical applicability of this method, In particular, the use of divinyl—styrene 
latex with Nekal as emulsifier is impossible because very loose and weak gels are formed, The carboxylic 
* The authors thank B. E. Kutsenok for preparation of the latex samples. 
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latexes under investigation gave quite a different result. The gels formed were fairly strong, and could be sub- 
jected to further processing. 


The effects of latex pH on the tensile strength and relative elongation of gels made from KL-4 latex are 
plotted in Fig. 2. These properties were determined by Medalia's method [3], with certain modifications. The 
syneresis was effected in air at room temperature. The 
latex pH has little effect on the strength of fresh gels, 
but has a strong influence on gels subjected to longer 
syneresis and drying. The tensile strength rises sharply 
with increase of pH. (It is possible that the dynamo- 
meter used was not sensitive enough to detect the in- 
fluence of pH on gel strength after 3 hours of syneresis.) 


The reverse applies to the relative elongation: 
this decreases sharply with increase of pH in fresh gels, 
and is almost independent of pH after more than 3 hours 
of syneresis. The influence of the syneresis time on 
the physical and mechanical properties of gels and the 
moisture contents is almost independent of the latex pH. 


Film thickness, mm 


As it was found that latex pH has a considerable 
influence on the physical and mechanical properties of 
- i as a dried films (the moisture content of the gels after 24 

Depiget toni Wine «as hours of syneresis in air varied in the range 9.7-11.4%), 
it was of interest to determine whether this applies to 
vulcanizates. To avoid excessive complication of the 
system, thermal vulcanizates were used in these experi - 
ments, The gel was subjected to syneresis in water for 
2 hours without removal from the form, dried for 12 
hours at room temperature, and then vulcanized at 104° for 30 minutes. The results, plotted in Fig. 3, show 
that the influence of the pH of the original latex is even more pronounced in vulcanizates than in dried films. 
This influence increases with increase of methacrylic acid content. To determine the cause of this effect, the 
nominal equilibrium modulus* , swelling in benzene, and tensile strength at 100° of the vulcanizate films were 
determined, Parallel determinations were carried out on films obtained by ionic deposition and by drying. The 
results are given in Figs. 3 (Curve 2), 4, and 5, 


Fig. 1. Course of deposition from carboxylic 
latexes at different pH: 1) 4; 2) 7.6; 3) 8.7; 
4) 9.6; 5) 10.1; 6) 7.9; 7) 9.4; 8) 10.4. 


The experimental results clearly show that the pH of the latex has a significant influence on the proper- 
ties of films made by ionic deposition but has almost no effect on the properties of films made by drying. 


Increase of pH increases the tensile strength (both at room and at elevated temperatures) and the nomi- 
nal-equilibrium and equilibrium moduli, and decreases the relative elongation and maximum swelling. All 
this indicates that structure formation takes place, and it seems likely that the structurizing agent consists of 
the calcium ions which diffuse into the latex during ionic deposition, in the same way as calcium oxide acts 
as a vulcanizing agent in carboxylic rubbers [2]. As the coagulant diffuses into a carboxylic latex, the calcium 
ions interact not only with the protective membranes of the globules (as is the case in other latexes), but also 
with the carboxyl groups in the polymer molecules, The calcium atoms may react with carboxyls contained 
in different polymer molecules and join them by stable chemical cross links to form a single spatial network. 


If this supposition is correct, then films formed by ionic deposition from latexes of different pH should 
differ in their contents of combined calcium, Films were made by ionic deposition from KL-4 and KL-10 latexes 
at pH 3.5 and 10.4; they were washed thoroughly in boiling water [4], and their calcium contents were deter- 
mined. The results are given in Table 2, 


The combined calcium undoubtedly includes both the calcium which reacted with the carboxyl groups 
of the polymer molecules, and the calcium in the insoluble compounds formed by reaction with the emulsifier 
[4]. However, the amount of emulsifier can hardly depend on the pH of the latex. The main cause of the 


* The equilibrium modulus was also determined for films obtained by ionic deposition from KL-4 latex, 
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Fig. 2. Effect of pH of KL-4 latex on the mech- 
anical properties of gels after different syneresis 
time; tensile strength: 1) 3 hours; 2) 6 hours); 
3) 24 hours. Relative elongation; 4) 3 hours; 5) 
6 hours; 6) 24 hours. 
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Fig. 3. Effect of pH on the mechanical properties 


of yvulcanizates made from KL-4 and KL-10 latexes; 
KL-4 latex; 1) tensile strength at room temperature; 


2) ditto, at 100°; 3) relative elongation, KL-10 
latex; 4) tensile strength; 5) relative elongation. 


TABLE 2 


Combined Calcium Contents 


Combined calcium, % 
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Fig. 4. Influence of pH on the modulus of vulcanizates 
made from KL-4 and KL-10 latexes. Nominal-equili- 
brium modulus; 1) ionic deposition from KL-4; 2) ditto, 
from KL-10; 3) drying from KL-4; 4) ditto, from KL-10; 
5) equilibrium modulus, ionic deposition from KL-4 
latex. 


dependence of the amount of combined calcium and of 
the properties of the films formed on the latex pH is 
evidently the influence of pH on the number of carboxyl 
groups which react with the calcium ions; this number 
and the density of the cross-linked network increase 
with increasing pH. 


A polymer molecule containing carboxyl groups 
can be regarded as an acid of high molecular weight. 
At low pH such an acid is dissociated very little, and 
its reaction with calcium chloride is hindered, as it 
would lead to the formation of strongly dissociated pro- 
duct, HCl. In an alkaline ammoniacal medium the 
polymeric acid is converted into the corresponding 
ammonium salt, which dissociates into ammonium 
cations and polymeric anions; the latter react with cal- 
cium cations and form weakly dissociated calcium salts, 
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Therefore at high pH the coagulant ions are used 
not only in the reaction with the emulsifier, but also in 
a reaction with the polymer. This decreases the de- 
position rate and increases the density of the spatial 
network in the product. 


In an acid medium, interaction of the coagulant 
ions with the polymer is considerably less important, 
but it nevertheless occurs. This is shown, in particular, 
by the existence of an equilibrium modulus in films 
made from acid latexes, 


Increase of the methacrylic acid content also de- 
creases the deposition rate, probably because of a de- 
crease in the proportion of calcium chloride which in- 
teracts with the protective membranes of the globules. 
At the same time, the influence of pH on the film pro- 
perties naturally becomes greater with increasing carbo- 
xyl group content in the polymer, as the proportion of 
calcium chloride to interact with the latter increases 
correspondingly. 


Maximum swelling, % 


In practice, the gels formed by ionic deposition 
always contain unreacted calcium chloride. During 
the subsequent operations — syneresis, drying, and vul- 
canization — it interacts with an increasing number of 
carboxyl groups in the polymer molecules; this accounts 
for the observed increase in the influence of pH on struc- 
ture formation in the vulcanized films as compared with 
the fresh gels. 


Fig. 5. Influence of\pH on the maximum swell- 
ing of vulcanizates from KL-4 and KL-10 latexes 
in benzene. 1) Ionic deposition from KL-4; 2) 
ditto, from KL-10; 3) drying from KL-4; 4) ditto, 
from KL-10. 


SUMMARY 


1. Ionic deposition by the action of calcium chloride on butadiene—styrene latexes containing 4 and 10% 
of methacrylic acid was studied at different pH. 


2. The deposition rate decreases with increasing methacrylic acid content and latex pH. 


3. The latex pH has a significant influence on the properties of gels and of raw and vulcanized films 
made by ionic deposition, and has almost no influence on the properties of films made by drying. 


4, Increase of the latex pH increases the tensile strength and equilibrium modulus, and decreases the 
relative elongation and maximum swelling of films made by ionic deposition, 


5. In ionic deposition from carboxylic latexes, calcium chloride apparently reacts not only with the pro- 
tective membranes of the latex globules, but also with the carboxyl groups of the polymer molecules. 
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THE HEAT OF ADSORPTION OF HYDROCARBONS ON CARBON BLACKS 
OF DIFFERENT DEGREES OF GRAPHITIZATION 


N.N. Avguil*®, G.I Berezin, A. V. Kiselev,and A. Ta. Korolev 


Theoretical calculations of the energy of adsorption of a number of hydrocarbons on graphite are given 
in our earlier papers [1-6]. The theoretical values were compared with experimental values for the heat of 
adsorption determined calorimetrically for carbon blacks previously heated at 1700° in a current of hydrogen. 
It was of interest to determine the heats of adsorption of hydrocarbons on carbon blacks graphitized at higher 
temperatures. The heat of adsorption of argon vapor on carbon blacks of various degrees of graphitization has 
been studied by Beebe and Young [7]. It was shown that the initial steep decrease of the heat of adsorption, 
caused by heterogeneity of the surface, diminishes with increasing degree of graphitization, and the rise of 
the heat of adsorption to a maximum near the point at which a dense monolayer is completed becomes greater. 
At moderate degrees of cover of the monolayer, the differential heats of adsorption for carbon blacks heated at 
various temperatures between 1000 and 2700° were similar. No investigations of this type have been reported 
for hydrocarbons. In the present investigation we determined the differential heats of adsorption of two hydro- 
carbons; 3-methylhexane (isoheptane) and benzene, on carbon black graphitized at 2800°. These hydrocarbons 
were chosen because they differed sharply in the course of their differential heats of adsorption on carbon black 
graphitized at 1700°, with progressive covering of the surface [2, 6]. 


The starting material was Spheron 6 carbon black, graphitized at 1700° in a current of hydrogen for 1.5 
hours, the same as used in the previous investigations [1, 2, 4-6]; its specific surface determined from the low- 
temperature adsorption of nitrogen vapor by the BET method was 92 m*/g.* 


Another sample of graphitized carbon black was prepared as follows; as in the preparation of the first 
sample, Spheron 6 previously evacuated at 950° was taken. This carbon black was put into an induction furnace 
and evacuated at 5-10"? mm Hg. The furnace was then filled with helium to 300 mm Hg pressure, The carbon 
was heated up to 2800° in 15 minutes, and held at the maximum temperature for 10 minutes; the furnace was 
then slowly cooled. 


TABLE 1 


Constants of the Hydrocarbons Used 


Hydrocarbon Density in g/cc |Refractive | Vapor pressure in mm | B. p. in °C 


index ny at 760 mm 


0.6870 1.3887 47.3 (19.4) 91.5 


3-Methylhexane 


0.8788 1.5011 65.2 (17.1°) 80.1 


Benzene 


* According to Biscoe and Warren [8], the crystallite dimensions in this carbon black are La = 47 A; L, = 27A, 
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The specific surface of this sample was determined by the BET method from the low-temperature adsorp - 
tion of nitrogen vapor; it was found to be 89 m?/g.* 
The constants of the hydrocarbons used are given in Table 1. 


The amounts adsorbed were determined by means of an apparatus with liquid capillary vacuum micro- 
burets, and the heat of adsorption was measured in a calorimeter with constant heat transfer [10]. 


Figure 1 shows the absolute adsorption isotherms for 3-methylhexane and benzene on Spheron 6 carbon 
black previously heated at 1700° and 2800°, in two different relative-pressure scales. The adsorption isotherm 
for benzene on Spheron 6 heated at 1700° was taken from [2], and the adsorption isotherm for 3-methylhexane 
on the same carbon black was taken from [6], a further series of experiments being carried out to check the 
values. In studies of adsorption on Spheron 6 heated at 2800° two series of experiments were carried out for 
each vapor; the results of the different series coincided, and the isotherms were reversible. 


It follows from Fig. 1 that the adsorption of both vaporsis onlyslightly greater (~ 2%) on the more strongly 
graphitized carbon; the difference is close to the possible errors in determinations of the specific surface of 


these blacks, 


a, t moles/m? 


Sie cae ith 


2 
i/ 
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Fig. 1. Adsorption isotherms of 3-methylhexane and benzene vapors 
on Spheron 6 carbon black heated in hydrogen at 1700° and in helium 
at 2800° (black points represent desorption). 


The variations of the differential heats of adsorption of the vapors with the absolute adsorption on both 
blacks are plotted in Fig. 2, The heats of adsorption of benzene, and one series of determinations of the heats 
of adsorption of 3-methylhexane on Spheron 6 heated at 1700°, are taken from the papers [2] and [6] respect- 
ively. In view of the difficulties involved in the calorimetric determinations at very low pressures, before 
the start of a calorimetric experiment a small amount of vapor was admitted to the adsorbent up to a pressure 
* It has been shown [9] that ten minutes of exposure is enough for crystallite growth, and the crystallite size 
changes little on further exposure at the same temperature. According to Biscoe and Warren [8] the crystallite 
dimensions of this carbon black are Ly = 65 A and Lo = 40 A. 
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8 : 
of ~ 1°10"° mm Hg without a calorimetric determination being carried out. About 3-4% of the carbon surface 
was covered as a result. All the subsequent adsorption experiments were accompanied by completely reliable 
calorimetric determinations. 


&,,Keal /mole 


3-Methylhexane 


4-7700° 


0 -2800' 


10 


om 
| Benzene 
‘| 


U4 


é 4 6 a, py mole 


Fig. 2. Variations of the differential heats of adsorption of 3- 
methylhexane and benzene vapors with the amounts adsorbed 
on Spheron 6 heated in hydrogen at 1700° and in helium at 
2800°. (black points — desorption; horizontal dash lines — heat 
of condensation L; vertical dash lines — capacity of mono- 
layer &p). 


It follows from the course of the heats of adsorption of 3-methylhexane as the surface becomes covered 
that with the more strongly graphitized carbon the region of the initial decrease of adsorption was smaller and 
the maximum heat of adsorption was somewhat greater, indicating molecular attraction in the monolayer. In 
the adsorption of benzene, the heats of adsorption differed very little, and the initial decrease was again some- 
what less on the more strongly graphitized carbon. In the adsorption of benzene on graphitized carbon blacks 
the course of the variation of the heat of adsorption with the degree of surface cover differs from that found 
for alkanes and cyclanes [6]. In the case of benzene the differential heat of adsorption does not pass through 
a maximum during completion of the monolayer, The initial fall of the heat of adsorption of benzene may 
be attributed to the high sensitivity of benzene to surface inhomogeneity, noted by us earlier [2]. The absence 
of a maximum on the curve for the heat of adsorption is probably due to the fact that, by virtue of the struc- 
tural characteristics of the electron shells of aromatic molecules, when such molecules are packed fairly closely 
in a horizontal plane, additional repulsive forces may arise between them, caused by C—H dipoles in the plane 
of the ring, and also partially by m-electron orbits of adjacent molecules in parallel orientation [11]. 
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Thus, the general course of the curves for the heats of adsorption of these adsorbates was not greatly 
changed by an increase of the graphitization temperature from 1700 to 2800". 


Thermodynamics of Adsorption 


Because of the high energy of adsorption of 3-methylhexane and benzene on carbon black, high values 
of the surface covering @ are reached even at low relative pressures p/ps, and therefore the equation for a 
monolayer adsorption isotherm derived by one of the present authors [12-14], with adsorbate — adsorbate in- 
teraction approximately taken into account 


~ 1— Ki KP /p, (1 — ®) 


becomes similar to the Langmuir equation, and the corresponding equation for multilayer adsorption approaches 
the BET equation [14, 15] (in Equation (1), Kj is the equilibrium constant for adsorbate adsorbent interaction; 
K,, is the equilibrium constant for adsorbate~adsorbate interaction). Therefore the isotherms found for the 
adsorption of 3-methylhexane and benzene also conform satisfactorily to the BET equation, The surface areas 
Wp per molecule in a dense monomolecular layer on the carbon black, calculated from these isotherms by the 
BET equation, are given in Table 2. 


TABLE 2 


Thermodynamic Characteristics of the Adsorption of Hydrocarbons on Different Samples 
of Graphitized Carbon Blacks at 20° 


Treatment 


Qa-0| Q. AU® AF AS° AS mn 
Hydrocarbon temperature! ‘| kcal |kcaf |kcal_ kcal cal eS 
of carbon, po niente al 
f mole | mole} mole | mole | mole +deg. |mole -degree 


3-Methylhexane 1700 54.0 | 12.4 | 12,7 | —4.25| —3.85 —1.4 —1.8 
2800 53.7 | 12.4 | 12,7 | —4.30] —3.85 —1.5 —1.8 
Benzene 1700 40.3 | 10.0 | 10.0 | —1.85 | —2.40 +1.9 +1.6 
2800 39.8 | 10.2 | 10.14 |—2.0 |—2.45 +41.5 +1.8 


Table 2 shows that the values of wa for the same substance on different blacks coincide within 1%. The 
value of wa for 3-methylhexane is intermediate between the values of wa for n-hexane and n-heptane [5]. The 
explanation is that in the adsorption of 3-methylhexane four CHg groups and two CHsg groups are in the surface, 
and one CH; group is at an angle to the surface; the projection of this group occupies half the area occupied 
by such a group in the plane of the C—C bond. 


The value of wo for benzene (average value 40.0 A*) coincides with the area per benzene molecule in 
147 A® 


wy ee 39.7 A? (3.7 A is the van der Waals thickness of the benzene molecule 


the liquid, which is close to 
[16}). 


Figure 3,a is a plot of the adsorption isotherms of benzene vapor in coordinates of the linear form of the 
equation for multimolecular adsorption [14, 15}; 


6(1— p/ p,)* 


PIP OG pp ht + Aaknd (t — p/ Pr) (2) 


The equation is satisfied from 9 s 0.4, and Kj = 60 and K,, = 0.2. At lower values of 9, in harmony with the 
higher heats of adsorption of benzene (Fig. 2), the experimental points deviate upward because the values of 
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@ are too high, In Fig. 3,b the experimental points ate compared with the isotherm plotted in the usual 9; 
p/Ps coordinates, calculated from Equation (2) with the values of Kj and Ky, given above. It follows from 
Fig. 3,b that in the intial region the experimental values for the adsorption are higher than the values cal- 
culated for a homogeneous surface. 


Comparison of the dependence of the differential 
heats of adsorption of 3-methylhexane on the degree 


Ol1-D/p,)? of surface covering of different carbon blacks shows 
Pp [7-0 D0.) A that the highly graphitized carbon has the more homo- 
Sy etap 


geneous surface. By extrapolation of the middle regions 
of the heat of adsorption curves to zero covering it is 
possible to eliminate the influence of inhomogeneity 
(1] and to obtain values for the differential heats of 
adsorption which represent the interaction of individual 
molecules with a homogeneous carbon surface, Q,-9. 

In the case of 3-methylhexane the difference between 
the values of Q,~9 for the carbons studied does not ex- 
ceed 0.3 kcal/mole, and in the case of benzene the 
difference is even smaller (see Table 2). 


= ae G85 Dp, The adsorption isotherms and the differential heats 
of adsorption were used to calculate the following thermo- 
Fig. 3. Adsorption isotherms of benzene vapor 9 AU 
on carbon black graphitized at 2800°; a) in dynamic values [17]: ago. ba ae (2. oe ) , change of 
coordinates of the linear form of Equation (2); 
b) in 6, p/ps coordinates, The continuous free energy 0AF/da = RT In p/p, and change of the 
line is calculated from Equation (2); the points dASs dAU/ 0a—-dAF/da 


entropy of adsorption Gite) mbes ae ee 


represent experimental data. T 


Curves for the change of the entropy of adsorption with 
increasing surface cover @ are given in Fig. 4. The 
course of the curves for the adsorption of 3-methyl- 
4 3-Methylhexane hexane on the two blacks is very similar; the minimum 
on the curve for the more highly graphitized black is 


x merely somewhat deeper, The curves for the change of 
o entropy of adsorption of benzene on the two graphitized 
ue blacks are also very similar. 
A) 
5 4 If the standard state of the adsorption layer is 
o _—— 1700" taken to be 50% cover of the surface, 9 = 0.5, we find 
Ss = — 2600" the standard thermodynamic characteristics [1, 2, 5]; 
aS 
Se , 
Benzene dAU\9 
0: 0 — ° 
2 eee ( da ) : 
r] 
Fig. 4. Variation of the differential change of the Are (S)'; AS? = (= ) : 
a 


entropy of adsorption of 3-methylhexane and ben- 
zene with the degree of surface cover of Spheron 
6 previously heated in hydrogen at 1700° and in 
helium at 2800°. Table 2 contains these standard thermodynamic 
characteristics, and also the mean molar entropy change 
AS, in the adsorption of a dense monolayer of 3-methylhexane and benzene on the two graphitized blacks. 
It follows from Table 2 that a considerable increase of the degree of graphitization produces almost no change 
in the standard values for adsorption, i.e., near @ = 0.5 the surface becomes fairly homogeneous even after 
heating to 1700°. 
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An earlier paper [6] gave a theoretical calculation of the dispersion* force potentials, with consideration 
of three interaction terms and of repulsion according to an exponential law, ®q, and according to a power law, 
6", The calculated values for the adsorption potential of isolated hydrocarbon molecules on the graphite sur- 
face were compared with values of Qa~9 found from the experimental heats of adsorption of hydrocarbons on 
Spheron 6 carbon black graphitized at 1700°. Table 3 gives a comparison of the theoretical values of the 
potential with the repulsion forces calculated by an exponential law for three positions of the molecule on the 
surface of the graphite lattice Dfc, Sop and On, and the mean value ® , and also the average value of the 
potential with the repulsion forces calculated according to a power law, ®§ . The theoretical results are com- 
pared with values of Q,~9 found from calorimetric experiments with Spheron 6 graphitized at 2800°. 


TABLE 3 


Comparison of Calorimetrically Determined Differential Heats of Adsorption 
Q,a=o0 With Theoretically Calculated Adsorption Force Potentials on Graphite 
(kcal/mole) 


Hydrocarbon 


3-Methylhexane 
Benzene 


It follows from Table 3 that the experimental values for the heat of adsorption lie within the limits of 
the theoretically calculated values of the potential for different positions. 
SUMMARY 


1. The adsorption isotherms and differential heats of adsorption of 3-methylhexane and benzene of 
Spheron-6 carbon black graphitized at 2800° were determined. 


2. It is shown that these isotherms and the standard thermodynamic characteristics of adsorption of the 
hydrocarbons on carbon black change little with increase of the graphitization temperature above 1700°. 


3. The heats of adsorption of hydrocarbons determined on carbon black graphitized at 2800° are close 
to the previously calculated theoretical values of the adsorption force potentials. 


The authors thank B. V. Fedin and A. A. Kal'nitskii for help in graphitization of the carbon black. 
The authors are happy to dedicate this paper to B. A. Dogadkin, who has a lively interest in the surface 
properties of carbon blacks. 
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THE GAS PERMEABILITY AND STRUCTURE OF VULCANIZED RUBBERS 


G. M. Bartenev 


The influence of vulcanizate structure on gas permeability has been studied little. Nevertheless, gas 
permeability is of great technological and technical significance, being one of the most important character - 
istics of rubber [1-3]. It has been shown [4, 5] that the gas permeability of rubbers is closely associated with 
their frost resistance. The concept of vulcanizate structure includes, in addition to the chemical structure of 
the molecular rubber chains themselves, the spatial network which depends on the number, distribution, and 
type of chemical cross links, the distribution density of various polar groups, etc. Studies of the influence of 
structure on the gas permeability of rubber [6, 7] have shown that permeability is highly sensitive to variations 
of the density of the space network of the vulcanizate, It was shown [6,.7] that the permeability and diffusion 
constants decrease with increasing contents of sulfur in a vulcanizate. However, these results do not provide 
more detailed information on the connection between the permeability and structure of network polymers, 
as the bound sulfur content of a vulcanizate does not uniquely determine the number of cross links, since part 
of the sulfur combines with the rubber without formation of cross links [8]. Moreover, the number of sulfur 
atoms in the cross links depends on the type of accelerator [9], and the influence of this on gas permeability 
likewise has not been studied. 


This paper presents data which make it possible to determine the influence of the density of the spatial 
network of the type of cross links on the gas permeability of vulcanizates of natural rubber (NR) and butadiene— 
styrene rubber (SKS-30). 

TABLE 1 
Composition of Stocks Based on SKS-30 and NR 


Composition, in wt. parts 


Ingredie 
8 mts based on SKS-30 based on NR 
Rubber 400 | 400 | 100 | 100 | 100 | 4100) 1400 | 100 | 100 | 400 
Stearic acid 2 2 2 2 2 2 2 2 2 2 
Zinc oxide 2D 5 o 5 5 by 5 5 5 i 
Captax 2 4 4 0.6 F055 Sie 424 0:7) 10233. 
Sulfur 10 5 Oat, tie” 10 7) eos Oe ieee -te0 


Amount of bound sul-| 6.76 | 3.65 | 1.89 | 0.99 | 0.49 | 5.81 5.0 | 2.5 |465|/0.8 


fur, as % of the 
mixture 


Nomnal-equitiap 41 | 32 | 25 
modulus, E kg/cm? 


13 | 9 [29 | a. 


18 | 15.6 | 8.6 


Vulcanizates with different contents of sulfur and accelerator (mercaptobenzothiazole) were made from 
these rubbers.. The compositions of the vulcanizates are given in Table 1, It is seen that the amount of sulfur 
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was varied from 1-10 wt, parts, The vulcanization was carried out at 143°, the cure time being 20 minutes for 
NR and 60 minutes for SKS-30. These times corresponded to the maximum values of the equilibrium modulus. 


The air permeability of the vulcanizates was de- 
termined by the method described previously [2, 3]. 
Rubber membranes, compressed by 15-20% between 
steel plates, almost completely eliminate leakage of 
gas at the points of contact between the rubber and the 
metal. At high compressions the gas penetrates only 
through the volume of the membrane, i.e., by diffusion, 
and the amount of gas passing through the membrane is 
proportional to the pressure difference between the in- 
ternal and external spaces, 


log C, cc fhour 


The following formula was derived for the rela- 
tionship between the amount of gas passing through the 
membrane and its gas permeability; 


ai a2 Qd log (l-e )! 


Fig. 1, Flow rate of air diffusing through a rubber 

2r-R ms 
membrane as a function of the compression, in C= P =—d, (1 —«)" Ap, (1) 
logarithmic coordinates; 1) SKS-30 vulcanizates : 
with 6.76% sulfur; 2) SKS-30 with 1.89% sulfur; 


3) Buna S-3, data from [3]. here C is the rate of flow of the gas through the mem- 


brane in cc/ hour; P is the permeability constant in 
cc/cm.hr.atm.; R is the average radius of the membrane 
in cm; do and bg are the thickness and the width of the 
membrane in cm; A p is the gas-pressure difference in 
atm.; ¢€ is the compression deformation in relative units; 
here 1—€ = d/do, where d is the thickness of the mem- 


5 brane in the compressed state. The amount of gas pas- 
a sing through the membrane is determined in cubic centi- 
= meters reduced to standard conditions. The rate of flow is 
fe 5 taken to mean the amount of gas in cubic centimeters 
2 9 (reduced to standard conditions) passing through the 
+ membrane per unit time. 
Qa, 


Formula (1) has been thoroughly tested [3]. The 
permeability constant at deformations up to 50% does 
not depend on the compression, within the limits of 
experimental error. This was confirmed by experimental 
data (Fig. 1) for the vulcanizates studied, and provided 
a simple method for determination of the permeability 
constant. 


Bound sulfur, % 


Fig. 2. Permeability to air at 25° as a function 
of the amount of bound sulfur in vulcanizates of; 
1) NR, 2) SKS-30. 


It follows from Fig. 1, which gives data for SKS-30, and from analogous data for natural rubber, that the 
plot of the flow rate against the compression deformation in logarithmic coordinates is linear, The index n 
determined from the slopes of the lines had the following values; for SKS-30 and Buna S-3, n = 2.0; for NR, 
n= 1.7, These results agree with the values found earlier [3]. The rate of flow of gas by diffusion through the 
undeformed membrane was determined by extrapolation, and the permeability constant was then found from 
Formula (1) for € = 0. 


The permeability constants (at 25°) of the two vulcanizates are plotted against the amount of bound sul- 
fur in Fig. 2, The slight deviation from linearity is in agreement with earlier data [7]. The value for the per- 
meability of NR vulcanizate with 1.5% sulfur (Fig.2, triangle) was calculated from Amerongen's data on the 
permeability to nitrogen and oxygen [10]. Extrapolation of the curves in Fig. 2 shows that the permeability 
constants of nonvulcanized rubbers at 25° are 3.7° 107* for NR and 3.5°10°* cc/cm.hr.atm. for SKS-30. 


For determination of the density of the spatial network, we used the nominal-equilibrium modulus (E), 
which was determined for the stretched vulcanizates by the method of relaxation during 24 hours at 25° 
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(see Table 1). Analysis of the data showed that there is no proportionality between E and the amp of bound 
sulfur, but E°/2 is roughly proportional to the amount of bound sulfur; this justifies the choice of E 2 as an 
index of the cross-link content of the vulcanizates [11]. The gas-permeability constant — modulus relationship 
is plotted in Fig. 3 in two different coordinate systems. 


. 
ea 
Sa 
of 
a a 
ae 
9 § 
— 
B 3 
Oo 


Fig. 3, Variation of the air permeability of NR (1) and SKS-30 (2) vulcanizates 
with the nominal-equilibrium modulus (I) and the cross-link index (II). Vul- 
canizing groups: a) sulfur with Captax; b) thiuram without sulfur; c) sulfur with 
diphenylguanidine; d) dihydrox yquinone without sulfur. The triangle denotes 
Amerongen's data, 


Comparison of the curves given in Fig. 2 and Fig. 3,()shows that the dependence of permeability on the 
bound sulfur content and the number of cross links differs in the two rubbers. For example, it follows from Fig. 
2 that the permeability constant of SKS-30 is lower than that of NR at all bound sulfur contents. Figure 3 shows 
that the permeability constant of SKS-30 is lower than that of NR in low-modulus vulcanizates, and higher in 
high-modulus vulcanizates, i.e., the permeability constant decreases more steeply with increase of the number 
of cross links in NR than in SKS-30. 


It was therefore desirable to determine the influence of the type of cross links present on the permeability 
constant. SKS-30 vulcanizates were used for these experiments. The compositions of the mixtures and the vul- 
canization times are given in Table 2. Three vulcanizates were made with different accelerators; tetramethyl- 
thiuram disulfide, mercaptobenzothiazole, and diphenylguanidine. The vulcanizing agent in these three cases 
is sulfur, In the fourth vulcanizate dihydroxyquinone was usedas the cross-linking agent. These vulcanizates 
therefore contained different types of cross links; monosulfide, polysulfide, and C—C bonds. 


As the permeability constant depends on the number of'cross links, the compositions of the vulcanizates 
had to be chosen so that their cross-links contents were approximately equal, This choice was made with the 
use of the nominal-equilibrium modulus as the measure of the cross-link content. Table 2 shows that the 
moduli of all the vulcanizates were approximately equal. The permeability constants given in Table 2 also 
proved to be approximately equal. 

Figure 3 shows clearly that the permeability constant of SKS-30 is independent of the type of cross links. 
All the points fit satisfactorily on a single curve. 


It follows from Fig. 4 that, with equal contents of bound sulfur, the nominal-equilibrium moduli of NR 
and SKS~-30 are different, Hence the proportion of cross links in the total quantity of chemical bonds added 
to the rubber during vulcanization is higher in SKS-30 than in NR. In other words, the cross-link~ index dis- 
cussed in an earlier paper [8] is higher in SKS-30 vulcanizates. 


If it is assumed that in SKS-30 nearly all the bound sulfur is used for formation of cross links, then only 
about half the bound sulfur in NR forms cross links, while the rest of the bound sulfur combines without cross- 
link formation. This "nonbridge” sulfur probably causes additional intermolecular forces of the polar type to 
arise between the rubber chains, and also leads to the formation of five- or six-membered intramolecular rings. 
It was shown by Dogadkin [9] that such rings are formed in NR vulcanizates owing to the peculiarities of the 
chemical structure of the natural rubber molecule. Intramoleulcar rings with a small number of atoms cause 
some loss of chain flexibility and hence lead to a decrease of gas permeability. 
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TABLE 2 


Composition of Stocks Based on SKS-30 with Different Vulcanization Agents and Accel- 


erators 
Ingredients Composition, in wt. parts 
SKS-30 rubber 400 100 100 100 
Stearic acid 2 Zz 2 2, 
Zinc oxide 9 9 9 3 
Captax 0.8 2 ny Se 
Diphenylguanidine o4 ae ee 
ae =a thes Ma 
ih ydrox yquinone ay. ms ce 
Sul fur y 2.5 2.5 we is 
Vulcanization time, min. | 80 | 80 | 40 | 80 
Nominal-equilibrium modulus 19 24 21 19 
ES kg/cm? 
Air permeability at 25° in | 2.89-10°4 2.78:10°4 2.83-10°4 2.94-1074 
cc/cm «hr +atm. 


The steeper decrease of permeability with increase of the number of cross links in NR (Fig. 3) can pro- 
bably be attributed to this influence of “nonbridge” sulfur, The amount of bound sulfur increases considerably 
more rapidly with increase of the number of cross links in NR than in SKS-30, and accordingly the permeability 
decreases more rapidly in NR. Consequently, in NR the gas permeability depends not only on the density of the 
spatial network, but also on the amount of bound sulfur which does not form cross links. It follows from Fig. 3 
that a simple relationship P = Pg— aE “2, where Pg is the 
permeability of the unvulcanized rubber, exists between 
the permeability P and the modulus E. The deviations 
from this formula shown by SKS-30 at high values of 
the modulus are the consequence of the deviation from 


Ls direct proportionality between the amount of bound sul- 
ae! fur and the index E “2 in Fig. 4. In the case of NR the 
3 value of the coefficient a is greater owing to the in- 
q fluence of the “nonbridge”™ sulfur, the amount of which 
g is approximately proportional] to the amount of “bridge” 
sulfur; this results in an almost linear relationship (Fig. 
3). 
Fig. 4. Relationship between the bound sulfur con- Thus, the gas permeability of rubbers and their 
tent and the cross-link index (Captax accelerator); vulcanizates is influenced significantly both by cross- 
1) NR; 2) SKS-30. links and by intermolecular forces, mainly of the polar 


type. This is confirmed by data on the air permeability 
[5] of butadiene —nitrile rubbers of the SKN-18, SKN-26, and SKN-40 types, which at 25° have permeability 
constants 33; 8.5, and 3.4% relative to that of NR, taken as 100%, 


SUMMARY 


1. The degree of cross linking has a significant influence on the gas permeability of vulcanizates. For 
example, with an increase of bound sulfur to 7%, the air permeability of NRis decreased bya factor of 3, and 
that of SKS-30, by a factor of 4.5, . 


2. The type of vulcanization agent or accelerator has almost no influence on the permeabilities of 
SKS-30 vulcanizates with equal cross-link contents (equal modulus). 
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3, All the chemical bonds formed in the course of vulcanization influence the gas permeability, but 
cross links have the greatest effect. 


4. The equilibrium modulus, regarded as an index of the number of cross links, is not a direct measure 
of the permeability of NR vulcanizates, as it does not take into account the influence of the other chemical 
bonds formed during vulcanization. 


The author thanks L. E. Peregudova, who assisted in the experimental work, and B. A. Dogadkin and 
S. A. Reitlinger for discussion of the experimental results. 
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A STUDY OF THE RHEOLOGICAL PROPERTIES OF LOW-MOISTURE PEATS 


M.P. Volarovich and N. I. Malinin 


In recent years a number of workers, and in particular Solopov, demonstrated the advisability of winning 
lump peat from deposits at a low operational moisture [1, 2]. Further advances in this field are hindered be- 
cause questions of processing and forming of low-moisture peats have not been sufficiently studied [1]. Investi- 
gations of the deformational (rheological) properties of low-moisture peats are therefore of considerable in- 
terest. 


Although F. N. Shvedov laid the foundations of the rheology of disperse systems as long ago as 1889, by 
his discovery of anomalous viscosity and elasticity in colloids, the rheological properties of easily deformable 
materials such as clays, paints, greases, peats, etc., have been extensively studied only during the past 20-30 
years. Processes of viscoplastic flow [3] and elastic after-effects andstress relaxation [5-10] in various disperse 
systems have been studied in the Soviet Union. Similar work has been done abroad; here we shall cite only 
the most recent foreign publications in this field [11-14]. 


However, the rheological properties of low-moisture peats, which areitypical solid-like disperse systems 
in Rebinder's classification [15], have been studied little. Volarovich, Kulakov et al. [16] showed that aqueous 
suspensions of high-moisture peat are viscoplastic materials which conform to the Shvedov—Bingham equation 
in flow. Later Kulakov and Samarina, and then Volarivich and Lazovskaia [18], showed that limiting shear 
stress (yield value) varies more sharply than the plastic viscosity with variations of moisture content of peat. 
Subsequently the yield value of peat, which is its most important deformational characteristic and which de- 
termines the plasticity of the material, was studied very extensively [19-20]. An investigation of the elastico- 
kinetic properties of peat was commenced by Volarovich and Branopol'skaia [5]. However, this paper [5] and 
the subsequent investigations [21 and 22] contained very little experimental data, and it was not possible to 
draw any general conclusions concerning the deformation behavior of various peats. 


The volume rheological properties of low-moisture peat were studied by means of the recording of com- 
plete rheological diagrams determined for homogeneous (or approximately homogeneous) stress and deforma- 
tion fields. The complete rheological diagram of a material [21] is the name given to a series of curves show- 
ing the development of deformation under constant load, and disappearance of deformation during the subse - 
quent removal of the load, plotted in shear deformation—time coordinates (y — t). Complete rheological 
diagrams for peat at low rates of shear deformation were plotted with the aid of Tolstoi's apparatus [23] in 
which the material is subjected to shear between two parallel plates, and also by the method of compression 
of cylinders. 


By mathematical analysis of the complete rheological diagrams it is possible to determine invariant 
(independent of stress) rheological characteristics, which can be used for describing fairly fully the rheological 
(deformational) properties of the system, Two types of complete rheological diagrams, designated as Types I 
and II, were found for low-moisture peats. A complete theological diagram of Type I, for pine—cotton grass 
crude peats, is given in Fig. 1,a. It is seen in Fig. 1, a that at fairly low shear stresses, below a certain critical 
value 6,, known in the rheological literature as the static yield value, the creep curves are of the form re- 
presented by Lines 1, 2 and 3, The total deformation may be subdivided into the nominally instantaneous y 9, 
which develops almost instantaneously (within the first second) on application of the load, and which disappears 
as rapidly on removal of the load; and the elastic deformation or deformation of elastic hysteresis which de- 
velops and disappears gradually, The deformation—time relationship for rT = const, T< Og can be represented 


by the equation 
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Y= oll + Klog( + d)], " 


where t is the time in seconds; K and C are constants. The value of y 9 1s a function of the applied stress. For 
thoroughly decomposed and well-worked peats y 9 may be taken as being approximately proportional to the 
applied stress, Therefore r = Gyy 9, where G, is the nominally instantaneous modulus [5-7]. Equation (1) was 
derived by the Japanese worker Fukada [24] for methyl methacrylate polymer. Even earlier, Rebinder [25] 
derived a similar relationship in the form: € = €9(1+k log t), where e€ is the relative elongation, for mica 
plates. The determinations showed that C does not depend on the moisture content, the degree of processing, 
or any other factors, and is approximately equal to 1 second, Fig. 1,b shows the y -log t relationships for the 
same pine—cotton grass peat. It is seen that at low T < @5 = 30.7 g/cm? the y -log t graphs are linear (see 
Lines, 1, 2, 3). Extension of these lines to the ordinate axis cuts off the nominal~instantaneous deformation 
along the latter, so that this deformation can be separated from the defarmation of elastic hysteresis. 


At T>@g, the y —t curves could be divided into two regions — an initial, curvilinear region, when de- 
formation of elastic hysteresis was predominantly developing, and a linear region, in which steady flow pre- 
dominated. The rate of shear j,,,, equal to the velocity gradient v/z, as follows from Fig. 2, where Vee is 
plotted against r for the same peat, changes very considerably over a relatively narrow range of shear stresses, 
in harmony with the Shvedov equation: 


t—O,= ho ‘hes: (2) 


where 6, is the flow limit analogous, on the one hand, to the: static flow limit [7] and. on the other, to the 
static limiting shear stress [26]; ng = (dyres/dr) tatr> @, — is the plastic (Shvedov) * viscosity of the 
structure after preliminary breakdown, analogous to Rebinder’s maximum plastic viscosity. 


The total shear deformation y is the sum of the initial (nominal-instantaneous) deformation y 9, the de- 
formation of elastic hysteresis yg = y 9 K log (1+t) , and the irreversible plastic deformation; 


thus 
Yres=" _* €. 
0 
bi — 


0 
y= Yolt + Kiog(t + 0) -+ He. (3) 


0) 


The considerable increase of the velocity gradient in the plastic flow of peat (from 0 to 107! second and 
over) over a relatively narrow range of shear stress can only be attributed to breakdown of the original peat 
structure under the action of shear stresses greater than 9s. We termed this the preliminary breakdown. 


When fT > Qs, the y ~t curves are usually S-shaped. Convexity of the y —t curve toward the abscissa 
axis corresponds to the start of a new, more extensive breakdown of the peat structure, described in the rheolo- 
gical literature as shear breakdown, During such breakdown the effective viscosity of the peat falls even more 
sharply (by 4-5 tenth powers). Structures broken down in this manner were studied by means of the RV-4 


* Rebinder and his school [6-7] established the existence of two plastic viscosities, The maximum plastic 
viscosity observed in the flow of disperse systems with velocity gradients ye, << 1 sec~! was named the Shvedov 
plastic viscosity in honor of F, N, Shvedov, who was the first to derive Equation (2) for low rates of shearing de- 
formation. The minimum plastic viscosity, observed at velocity gradients ee >> 1 sec! (see below) is known 
as the Bingham plastic viscosity in honor of E. Bingham, who derived an analogous equation for high velocities 
of viscoplastic flow. The Shvedov and Bingham viscosities differ sharply in value. Whereas the Shvedov visco- 
sity of low-moisture peat is between 10° and 107 poises, the Bingham viscosity is between 30 and 500 poises. 
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Fig. 1. Complete rheological diagram of Type I for crude pine—cotton 
grass peat of degree of decomposition R = 60% and moisture content 

W = 80.3%. Determined with the use of Tolstoi's apparatus (a); the same 
diagram in semilogarithmic coordinates (b): 1) t = 6 g/cm’, 2) 7 = 12 
g/cm?, 3) tT = 20 g/cm?; 4) Tr = 25.6 g/cm; 5) T = 35 g/cm?; 6) T = 
38.5 g/cm?, 


rotational viscosimeter [27]. In Fig. 3 the angular velocity Q of the rotating cylinder of the viscosimeter is 
plotted against the load P ( with a correction for friction) for the peat the complete rheological diagram of 
which is given in Fig. 1,a. The Q curve conforms to the equation for the motion of a viscoplastic medium 
between the cylinders of a rotational viscosimeter for the case when the shear does not extend to the end [3, 
27]. Hence it may be concluded that peat after shear breakdown of the structure is a viscoplastic body which 


conforms to the Bingham equation in flow: 


t— Oa = NmyYres» (4) 


where @ , is the flow limit of the peat structure after shear breakdown analogous, on the one hand, to the 
nominal dynamic @ingham) yield value [7] and, on the other, to the dynamic limiting shear stress; Dm is the 
minimum (Bingham) plastic viscosity, The dynamic yield value, calculated in the usual way from the value 
of Py (see Fig. 3) was found to be 19 g/cm’; this is below the static value, in harmony with the findings of 


Volarovich and Kulakov [16, 26]. 


As the moisture content of peat decreases and its consistency passes from the normally plastic into the 
semisolid (in the classification used for peat consistency [1, 2, 19]), the character of its complete rheological 
diagrams changes. The complete rheological diagram of Type Il, determined from data for the compression of cylin- 
drical peat specimens, characteristic for the semisolid consistency of peat, is given in Fig. 4. Itis clear from Fig. 4 
that peat of semisolid consistency has no appreciable tlufdity. The peat becomes more resilient and elastic. Break- 
down of the structure occurs at considerably smaller deformations than in peats of normally plastic consistency, and 
is of a totally different character. The breakdown does not penetrate to any great depthinto the volume, butis local- 
ized near the slippage surface. The breakdown produces discontinuity, and the specimen separates into two or more 
parts. It may be said that the breakdown of peat specimens of semisolid and solid consistency is brittle in 
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Fig. 2. Curve for the velocity gradient Vo) as a 
function of the shear stress r for crude pine~ 
cotton grass peat; R= 60%; W = 80.3%. Deter- 
mined by means of the Tolstoi apparatus. 
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Fig. 3. -Angular velocity Q — load P curve for 
pine—cotton grass peat; R = 60%; W = 80.3%, de- 


termined by means of the RV-4 rotational visco- — 


simeter. 


character. The equations of the mechanics of continu- 
ous media are applicable at small deformations and 
stresses provided, of course, that the ultimate strength 
of the peat is not exceeded. The concepts of yield 
value and of Shvedov and Bingham viscosities become 
meaningless. 


The data of Fig. 4, a are plotted in Fig. 4, bin 
€ — log t coordinates, It is clear from Fig. 4, b that 
Equation (1) is also applicable to peat of semisolid 
consistency. 


It must be noted that the transition from a con- 
sistency corresponding to rheological diagram Type 1 
to a consistency corresponding to a rheological diagram 
Type 2, effected by variation of the moisture content 
of the peat, is rather diffuse. Measurements of the vis- 
coplastic properties of peatin these intermediate regions 
are very difficult. 


In conclusion, to conform with the decisions made 
at certain conferences [15, 28], seven rheological con- 
stants are proposed for the description of the deformation 
properties of low-moisture peats. 


1. The nominal instantaneous shear modulus 
G, = t/y 9. The value of y 9, for stresses T< @, is cut 
off along the ordinate axis on extrapolation of the 
y — log (1+ t) relationship to log (1+ t) = 0. Compres- 
sion experiments can give the nominal] instantaneous 
Young's modulus Ey = o/e 9 ,where o is the normal 
applied stress; € 9 is the nominal instantaneous relative 
elongation, determined from the € 9— log t relation- 
ships, analogously to yg. The value of G, can be cal- 


culated from the usual formula G, = , where 


pane ea 
2(1+y) 
uw is the Poisson ratio, For materials such as peat the 
value of » is very close to 0.5 and G, s E; /3. 


2. The constant K is the Rebinder—Fukada equa- 
tion (1), applicable at shear stresses r< @,. The value 
of K determines the rate of development of elastic de- 
formation y,. It should be noted that usually another 
quantity, T,,, the time of elastic hysteresis, is used for 
this purpose. However, since the creep equation for 
peat differs from the usual equation for creep in a 
Kelvin—Voigt body it is not possible to use a single 
time Ty for description of retardation processes in peat, 
as this would be a very crude approximation to reality. 
In this case it is possible to consider a distribution of re- 
tardation times, as is done, for example, by Alfrey [29]. 


3. The Shvedov viscosity n 5 » determined from flow curves of the type shown in Fig. 2; here 
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Fig. 4. Complete rheological diagram of Type II for crude sedge peat 
of degree of decomposition R = 30% and moisture content W = 72.1%. 
Determined by the cylinder-compression method (a); the same diagram 
in semilogarithmic coordinates (b): 1) o = 22.6 g/cm’; 2) 0 = 57.5 
g/cm*; 3) o = 90.6 g/cm’; 4) o = 122 g/cm*; 5) o = 150 g/cm’. 


4, The Bingham viscosity nth. Methods for the determination of Bingham viscosity (and the dynamic 
yield value) have been thoroughly worked out and described in detail in a number of papers and monographs 
(26, 27]. 


5, The static yield value (flow limit) or the strength of the structure @,. The value of 9, is cut off 
along the abscissa axis on extrapolation of the linear region of the y,..— rt flow curve to yes = 0. 


6. The dynamic yield value @q. 


7. The ultimate strength of the system—equal to the stress which causes shear breakdown of the speci- 
men. The vaiue of +, depends also on the time of application of the load. We take the ultimate shear 
strength r ,, to be equal to the load which results in almost instantaneous shear destruction of the specimen. 


SUMMARY 


1, The rheological properties of peats were studied by the method of homogeneous shear in the D. M. 
Tolstoi apparatus with a moving plate, in the RV-4 rotational viscosimeter, and by the method of cylinder 
compression, 


2. Complete rheological diagrams were obtained for the peats; each such diagram consists of a series 
of curves representing the development of deformation (in deformation—time coordinates) under constant load 
and after removal of the load, 


3. Two types of complete rheological diagrams have been found for peats. A Type I diagram is given 
by a peat of plastic consistency, which was capable of undergoing, at stresses in excess of the static yield value, 
considerable deformations at relatively high velocities (up to 100"sec™! and over) without disturbance of the 
continuity of flow. A peat of semisolid consistency, which gives a complete rheological diagram of Type Hl, 
did not exhibit any appreciable plastic flow. Destruction of a semisolid peat took place with breakdown of 


continuity and separation of the specimen into two or more parts. 
4, An equation for the creep of low-moisture peat has been derived. 


5. For peat giving a Type I complete rheological diagram it proved possible to calculate both the 
Shvedov viscosity (by the Rebinder method) at low velocity gradients, and the plastic (Bingham) viscosity at 
high velocity gradients. The latter is smaller than the former by several orders of magnitude. 


* As in original — Publisher's note. 
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6. The deformation properties of low-moisture peats may be described in terms of seven rheological 
parameters, 
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INVESTIGATION OF THE TEARING PROCESS IN THE REGION OF TRANSITION 
FROM THE ELASTIC TO THE BRITTLE STATE 


Ve -Be Gili reb, » IN CL Sams RIN, ANd IG mArs Welch e LES 


Recently several papers [1-4] have been published which show convincingly that the tearing of vulcant- 
zates is a process which develops in time. A distinction is made between the slow and rapid stages of the pro- 
cess. The use of high-speed motion pictures has provided clear evidence that in ordinary tensile tests the 
tearing rate is at first very low, and then increases rapidly and discontinuously. This applies both to tests of 
specimens without nicks, and to tests of nicked specimens; the influence of the nicking has been studied in de- 
tail [5]. Investigations of the tearing of highly elastic materials showed that the tearing of vulcanizates has 
much in common with the rupture of brittle solids. Nevertheless, the mechanisms of high-elastic and brittle 
rupture are so different that considerable changes in the course of the rupture in the transition region from the 
high-elastic to the glassy state are to be expected. The study of these changes forms the subject of the present 
investigation. 


The materials chosen for the study were loaded SKB rubber vulcanizates with 45% carbon black (A), and 
vulcanizates of SKB and natural rubber in 4; 6 ratio, with 10% carbon black (B). All the mechanical tests were 
carried out in the TsMG and T dynamometer, in which the vulcanizates could be tested at temperatures down 
to — 57°.* In order that the growing nick should traverse a considerable distance through the specimen, and 
for convenience in the determination of the tearing rate in the course of this process, we used rectangular speci - 
mens 50 xX 60 mm, up to 2 mm thick. The tearing region was predetermined by the application of a nick 1 mm 
long. A white line perpendicular to the direction of extension was marked with paint at this region. The tear 
spread along this line, and widening of the line at the apex of the tear gave an indication of additional deforma- 
tion of the material in this zone. The motion pictures were taken with a high-speed 16 mm SKS camera through 
the glass door of the thermostat. The speed of the photography was determined by means of a neon time in- 
dicator type MN-7, which illuminated one edge of the film (at the perforations), When the film was projected 
at the normal speed of 16 or 24 frames per second, the picture was observed slowed down 10 to 500-fold, accord- 
ing to the speed at which it was taken. When measurements had to be made frame by frame, the frames were 
projected individually. This allowed of great accuracy in the space and time measurements. 


After the specimens had reached the required temperature, the strong external and internal illumination 
(which was necessary because of the short exposures and the presence of seven glasses in the thermostat) was 
switched on, the dynamometer was started, the photographs were taken, and the dynamometer readings were 
taken simultaneously. The films were developed and the photographs analyzed stroboscopically. 


The method described above was used for studying the growth of the nick in relation to the test tempera= 
ture and the deformation rate. More than 300 high-speed films were taken and subsequently analyzed strobos- 
copically. Typical variations of the tearing rate with time are plotted in Figs. 1-4, Examination of the results 
shows that the tearing curves follow the course described previously [4, 5] at all the temperatures used. At 
first the tearing rate is so low that it is probably more convenient to study it by delayed photography. Immedi- 
ately before the end of the rupture the tearing rate suddenly increases. The maximum tearing rate, under equal 
conditions, depends on the test temperature. Figs. 1 and 2 show the kinetics of the tearing rate for specimens 
of SKB and natural rubber vulcanizates. When the temperature is decreased from 22 to 0°, the maximum tear- 
ing rate decreases from 2500 to 100 mm/second for vulcanizates based on NR and SKB mixtures. Further 
* G. Z. Krasikova took part in the experimental work. 
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Fig. 1. Variation of the tearing rate of a specimen with time. Mixture 
based on SKB-50 + NR rubbers (1; 1); deformation rate 250 mm/minute; 
temperature; a) 22°; b) 0°. 
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Fig. 2, Variation of the tearing rate of a specimen with time. Mixture 
based on SKB-50 + NR rubbers (1:1); deformation rate 250 mm/minute; 
temperature; a) 30°; b) 50°. 


decrease of temperature results in a further decrease of the tearing rate, but at temperatures of — 50° and lower 
increases again, reaching ~ 3000 mm/second. A similar dependence of the maximum tearing rate 
on the temperature was found in tests of SKB vulcanizates (A). If follows from Figs. 3 and 4 that the variation 

of the maximum tearing rate of SKB vulcanizates with decrease of temperature from + 25 to — 50° is also re- 
presented by a curve with a minimum. The maximum tearing rates of vulcanizates A and B are plotted against 
the temperature in Fig. 5. The temperature dependence of the tearing rate depends appreciably on the deforma- 
tion rate; increase of the deformation rate is generally accompanied by displacement of the kinetic curve for 
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Fig. 3. Variation of the tearing rate of a specimen with time. Mixture 
based on SKB-50 rubber; deformation rate 500 mm/minute; temperature: 
a) 50°; b) 30°. 
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Fig. 4, Variation of the tearing rate of a specimen with time. Mixture 
based on SKB-50 rubber; deformation rate 500 mm/minute; temperature; 
a) 0°; b)+ 25°, 


the tearing rate toward higher temperatures, The statistical character of vulcanizate rupture is the reason for 
the certain amount (small) of scattering of the maximum values for the tearing rate. The values 
of the average tearing rate vary much more regularly; these are plotted against the temperature for different 
deformation rates in Fig. 6. It follows from the data in Fig. 6 that the variation of the average tearing rate 
with the temperature is also represented by a curve with a minimum; the minima on the curves are displaced 
toward higher temperatures with increase of the deformation rate. The observed change in the course of the 
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Fig. 5. Variation of the maximum tearing rate 
with temperature for specimens of carcass rub- 
ber: 1) Based on SKB-50+NR rubbers (1:1); 
deformation rate 200 mm/minute; 2) based on 
SKB-50 rubber, deformation rate 500 mm/minute, 


tearing with decrease of temperature is probably asso- 
ciated with the transition from the high-elastic to the 
brittle state. A decrease of the additional orientation 
effect of the vulcanizate [5] at the site of rupture with 
decrease of temperature, and with the consequent loss 

of high-elastic properties, was to be expected. It proved 
possible to observe this by comparison of the width of 
the line drawn in the direction of the tear, directly at 
the apex of the tear and in the middle of the untorn 

part of the specimen. In Fig. 7 the ratios of the widths 
of this line at the apex of the tear (d,) and in the middle 
of the untorn part of the specimen (d,,) are plotted 
against time. At first, owing to the small difference 
between the stress at the apex of the growing tear and 
the average stress in the specimen, the additional orienta- 
tion effect was very weak. As the tearing rate increases 
and exceeds the rate of the relaxation processes which 
aid dissipation of the stress concentration at the region 
of tear, the additional orientation effect increases, At 

+ 22° and deformation rate 250 mm/minute the d,/d, 
ratio reaches 2.3 at the instant when tearing ends in 
(SKB+ NR) vulcanizate. The final value of d,/dy de- 


creases with fall of temperature, and is 1.2 at—50°. Naturally, the variation which we detected in the course 
of the tearing rate cannot fail to influence the mechanical characteristics of the vulcanizates or, more accu- 


rately, the tearing characteristics of the vulcanizates, 


Fig. 6. Variation of the average tearing rate 
with temperature for a specimen of carcass 
rubber based on SKB-50; the numbers on the 
curves represent the deformation rates in 

mm /minute. 


The extension curves of vulcanizates A and B were 
also studied over the same temperature range. The re- 


sults for vulcanizate B are plotted in Fig. 8. Decrease 
of the test temperature resultedin a decrease of the re- 
lative elongation at break in all cases. Gul’ and Farbe- 
rova showed earlier [6] that the relative elongation at 
break depends on the temperature in a complex manner, 
so that cases of increased relative elongation at break 
with decrease of temperature are possible in principle. 
It was shown that the temperature dependence of the 
relative elongation at break is.determined by the in- 
fluence of temperature on the tensile strength (for which 
suitable expressions have been proposed [1, 2, 7]), and 
on the deformation properties of the material, Anal- 
ogously to the nonsteady variation of tensile strength 
with changes of intermolecular interaction which has 
been detected in certain cases [8], nonsteady variation 
of the relative elongation at break with decrease of 
temperature is also possible. However, in this particular 
case the relative elongation at break decreased almost 
continuously, although the tensile strength varied un- 
steadily, The relative elongation at break is plotted 
against the temperature in Fig. 9. Figure 10 gives the 
tensile strength — temperature relationships for vulcani- 
zates of mixtures of SKB and NR. It is significant that 


the tensile strengths increase when temperatures are reached at which the tearing rate diminishes appreciably; 
this is due to changes in the additional orientation. When the growth rate of the tearing region is changed as 
the result of a change in the deformation rate (if the degree of additional orientation is not altered appreciably), 
the increase of the tearing rate is accompanied by an increase of tensile strength. Analysis of the effects of 
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Fig. 7, Variation of the degree of orientation 
in rubber at the apex of the tear, with time 3 
mixture based on SKB-50 + NR (1:1); deforma- 
tion rate 250 mm/minute; temperatures; a) 
25°; b) 0°; c}30°; d)-50°. 


temperature on relative elongation and tensile strength 
readily leads to the conclusion that the work of deforma- 
tion to rupture as a function of the temperature must be 
represented by a nonsteady curve. Examination of the 
values of the work of deformation to rupture of spect - 
men A, determined from the extension curves at various 
temperatures, showed that the values of the work of 
rupture as a rule increase with decrease of temperature 
from 22 to 0°. The values of the work of rupture then 
decrease with further fall of temperature. The work of 
tearing deformation determined for SKB vulcanizates 

at different rates of extension is plotted against the 
temperature in Fig. 11. Comparison of Fig. 11 with 
Figs. 6 and 7 shows that the values of the work of de- 
formation to rupture increase in the temperature region 
in which the tearing rate decreases, 


0 200 400 600 L,, 


Fig. 8. Curves for extension at constant rate at 
various temperatures; ring-shaped specimens 
based on SKB-50 + NR rubbers (1; 1); deformation 
rate 100 mm/minute. 
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Fig. 9. Variation of relative elongation with tempera- 
ture for ring-shaped specimens of carcass rubber based 
on SKB-50 + NR (1;1); the numbers on the curves are 
the deformation rates in mm/min. 


Decrease of temperature is accompanied by an increase in the number of intermolecular bonds which 
are broken down during deformation and rupture, This occurs in the high-elastic region. Further cooling re- 
duces the mobility of the chain segments, The number of intermolecular bonds broken during deformation 
and tearing of the specimen also decreases. Deformation of the material in the glassy state does not involve 
the same degree of breakdown of the intermolecular bonds as is the case in high-elastic deformation, and the 
additional orientation at the site of rupture decreases, Therefore the work of deformation to rupture decreases 
in the transition region between the high-elastic and glassy states. 


Thus, the transition from the high-elastic to the glassy state is accompanied by a decrease of the tearing 
rate, of the relative elongation at break, of the tensile strength, and of the work of deformation to rupture, It 
is important to take these facts into consideration in the solution of certain practical problems relating to 


mechanical destruction of vulcanizates, 
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Fig. 10. Variation of true tensile strength with 
temperature for ring-shaped specimens of carcass 
rubber based on SKB-50+ NR (1:1); the numbers 
on the curves are the deformation rates in mm/ 
minutes, 
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Fig. 11. Variation of the work of rupture with 
temperature for ring-shaped specimens of car- 
cass rubber based on SKB-50; the numbers on 

the curves are the deformation rates in mm/min. 


SUMMARY 


1. Analysis of high-speed motion pictures of the 
tearing of vulcanizates, taken in the + 22° to —57° range, 
shows that the tearing rate is initially very low, but it 
increases rapidly and suddenly immediately before the 
specimen divides into two parts, 


2. The average and maximum tearing rate do 
not vary steadily with decrease of temperature. In the 
transition from high-elastic to brittle rupture the tear- 
ing rate diminishes at first, owing to an increase in the 
number of intermolecular bonds which hinder rupture. 
At the same time decrease of temperature is accom- 
panied by a decrease of the additional orientation of 
the material at the site of rupture; this has been de- 
termined quantitatively. When sufficiently low tem- 
peratures are reached the decrease of additional orienta- 
tion at the site of rupture becomes so considerable that 
the tearing rate (at a given rate of extension) begins 
to increase again. 


3. This change in the course of the tearing rate 
with temperature is in harmony with changes in the 
mechanical properties of the material. Thus, in the 
transition from high-elastic to brittle rupture the ten- 
sile strength varies anomalously with temperature, The 
tensile strength in this region decreases instead of de- 
creasing with fall of temperature, while the work of 
rupture first increases and then decreases with fall of 
temperature. 


4. In the temperature regions characterized by 
definite mechanisms of rupture, either elastic or brittle, 
decrease of temperature is accompanied by increase of 
strength. In the transition from elastic to brittle rupture 
the strength decreases, owing to changes in the struc- 
tural characteristics of the material. 


The authors express their gratitude to Professor 
B. A. Dogadkin for valuable advice given in the course 
of discussion of this work. 
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METHOD OF CALCULATING THE PRECIPITATION OF DISPERSE PARTICLES 
FROM A STREAM ON AN OBSTACLE 


S. S. Dukhin and B. V. Deriagin 


Much attention is devoted in the physics of aerosols to the problem of efficiency of deposition of an 
aerosol on an obstacle from a stream. To calculate the number of particles deposited on an obstacle in unit 
time it is sufficient to determine the so-called collection efficiency E, which is the ratio of the cross section 
of a tube (at a distance from the obstacle) formed by the extreme trajectories of particles of a given size which 
still impinge on the obstacle, tothe midship section of the obstacle. Levin [1] proposed a method for deter- 
mination of these boundary trajectories, based on qualitative analysis of the differential equation for the motion 
of a particle for the case when the particle size is so small that the inertia force acting on the particle can be 
neglected, in comparison with the other forces, in the equation for the motion. Such a simplified equation 
for the motion of a particle in fact expresses the particle velocity v (r) at each point in space in terms of given 
functions of the coordinates; velocity field of the air stream U(r), and the field of external forces F (r), act- 
ing on the particle. 


v(r) = u(r) + BF (r), (1) 


where B is the mobility of the particle. 


Equation (1) can be used to determine the normal component of the particle velocity at the surface; 
this provides the most direct method for calculating the flow of the aerosol particles to the surface, if their 
concentration n(r) at the surface is known 


1=\\n@ [Un (7) + BFn(r)] ds, (2) 


Here the integration is performed with respect to the part of the surface on which the particles are deposited, 
In connection with this calculation method the question arises whether the particle concentration alters along 


their path. 


The expression for the complete derivative of the particle concentration with respect to time, represent 
ing the variation of the particle concentration along the path with equilibrium distribution of the particles, is 


of the form 
dn ee 
ria = (vVn). (3) 


The right-hand side of Equation (3) should be transformed for convenience, with the use of the equation 
for the conservation of the number of particles, which may be written as follows; 


div (nv) = ndivv + (vVn) = 0. (4) 
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Expanding div v by means of Equation (1), and taking into account that div T= 0, we have from Equation 


(4) 


(vVn) == Q), (5) 


if the following condition is satisfied; 


div F = 0. (6) 


Therefore, if condition (6) is satisfied, then dn/dt = 0, which leads to the following theorem. 


If the external force field acting on the particles is solenoidal, the concentration of the particles along 
their trajectory is constant.* 


The concentration of particles in an aerosol at a distance from the obstacle, in a region of space the linear 
dimensions of which are comparable to the dimensions of the obstacle, is usually constant. In a region of space 
filled with trajectories arriving from infinity and terminating on the obstacle surface, the particle concentration 
is equal to the concentration at infinity, ng. 


In steady-state conditions, in the region of space filled with trajectories originating at the obstacle sur- 
face, the particle concentration should be taken as zero, Accordingly, the concentrations is n,, at the part of 
the obstacle surface where the trajectories coming from infinity terminate, and is zero at the part of the sur- 
face where trajectories originate and also at the part of the surface where the trajectories originating at neigh- 
boring regions of the surface terminate. To determine the integration limits in Formula (2), it is necessary to 
find the boundary line between the part of the surface on which the aerosol is deposited and the part of the sur- 
face near which there are no aerosol particles. As this line is the geometrical position of the points lying at 
the intersection of the boundary trajectories with the obstacle surface, in the general case the proposed method 
isagainreduced to the problem of determination of the boundary trajectories, 


It should be pointed out, however, that these difficulties are eliminated if at all points of the obstacle 
surface the normal component of the velocity vector of the particle is directed along the internal normal. In 
this case n = Ng along the whole surface, and there is no need for the complicated procedure of qualitative 
analysis of differential Equation (1) for calculation of the deposition of the aerosol particles. The particle 
flow in this case should be calculated from the formula 


Pete \ \ (Un + BFn) ds, (1) 


with integration with respect to the whole surface. For example, Equation (7) can be used very simply to derive 
Levin's known equation [1] for the collection efficiency of small droplets in a mist by a falling electrically 
charged drop, However, it may be noted that the value of the approach to the calculation of the deposition of 
particles on an obstacle, described in this paper, is not restricted to the type of problem discussed above. This 
method is simple and convenient in all cases when it is simpler to find the line of intersection between a bubble 
surface and the surface formed by the boundary trajectories, than it is to find the latter. 


This can be illustrated by a calculation of the sedimentation of particles suspended in water, under the 
action of gravity, on an ascending bubble. The particles are assumed to be so small that the inertia forces 
acting upon them in flow around the bubble may be ignored, so that the particle velocity can be expressed by 
means of the equation 


v(r) =Uu(r) +04, (8) 


*It transpired in the course of a discussion with L. M. Levin that he reached an analogous conclusion in the 
development of a theory of aerosol sampling [1]. It should be pointed out that this theorem has been proved 
[2] for the special case of a gravitational field, 
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where vg is the falling velocity of a particle of diameter d, and the coordinate system carried along by the 
bubble is taken, 


As the normal component of the velocity of the liquid at the bubble surface is zero, the normal compo- 
nent of the particle velocity at the bubble surface, v,, is determined by sedimentation only 


Un = Vg Cos 9, (9) 


with @ reckoned from the upper pole of the bubble. It follows from Equation (8) that sedimentation, impossible 
on the lower hemisphere of the bubble, is possible on the upper hemisphere. It is necessary to prove that the 
concentration of the aerosol ‘at the upper hemisphere of the bubble is constant; for this it is enough to show that 
particle trajectories originating at the lower hemisphere and terminating at the upper hemisphere are impossible. 
This is the case, because the horizontal component of the particle velocity is directed toward the bubble at 
each point of the half-space limited at the top by the equatorial plane of the bubble. This follows from the 
fact that, since the horizontal component Vq is zero, the horizontal component of the particle velocity, accord- 
ing to Equation (8), coincides with the horizontal component of the local velocity of the liquid directed toward 
the bubble at each point of the lower half-space. Consequently, the particle trajectories terminating at the 
upper hemisphere originate only at infinity, and hence,the particle concentration near the surface points of the 
upper hemisphere is constant, 


The flow of particles onto a bubble of diameter D can be calculated from Equation (7) 


vd cos = sin§d§= ae Nev . (10) 


i 
| 
= 
8 
ota |a 


SUMMARY 


1. If the inertia of aerosol or colloidal particles in a stream flowing around an obstacle may be neglect- 
ed, and the external force field is sinusoidal, the numerical concentration of the particles along their trajec- 
tories is constant. 


2. This theorem can be used in anumber of cases for very simple calculation of the rate of deposition 
on obstacles; for example, for calculation of the collection efficiency of particles by emerging bubbles or 
falling spheres. 
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THE STRUCTURE OF GELS. 


14, INFLUENCE OF THE NATURE OF THE PLASTICIZER ON THE PROPERTIES OF 
FILLED DIVINYL—ST YRENE RUBBER 


M.P. Zverev, E. A. Eroshkina, and P. 1. Zubov 


It was shown earlier [1] that unfilled vulcanizates of divinyl—styrene rubber have higher mechanical 
strength in presence of nonpolar than in presence of polar plasticizers, The question arose whether this is 
applicable to plasticized divinyl—styrene rubber vulcanizates containg fillers. The strength and deformability 
of plasticized vulcanizates in presence of a filler were therefore studied. The filler used was a gas channel 
black with specific surface 110 m? /g, with the following composition; C — 93%, H— 1.2%, O- 3.5%. 50 
wt, parts of the black per 100 wt. parts of rubber and plasticizer was introduced into the mix. The vulcaniz- 
ing components, vulcanization conditions, and plasticizers were the same as before [1]. 


' (50 . 
a 10 20 MGwt. % O 10 20 JO C,wt. % 


Fig. 1, Variation of the tensile strength of plasticized filled di- 
vinyl—styrene rubber vulcanizate with concentration and structure 
of the plasticizer molecules; Deformation rates; a) 50 mm/min; 
b) 500 mm/min; 1) Dibutyl phthalate; 2) dibutyl sebacate; 3) 
ditolylmethane; 4) tetralin; 5) green oil. 


Data on the dependence of the tensile strength of filled SKS-30A vulcanizates on the plasticizer con- 
centration and structure at deformation rates 50 and 500 mm/minute are given in Fig. 1, It follows from these 
data that the mechanical properties of filled plasticized SKS-30A vulcanizates do not vary in the same way as 
the properties of unfilled vulcanizates, The tensile strength in presence of polar plasticizers is higher than in 
presence of nonpolar plasticizers at all deformation rates, 
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Figure 2 shows that the relative elongation of plasticized vulcanizates {s greater when nonpolar substances 


are used. 


0 0 20 “UG wt. Jo 


Fig. 2. Variation of the relative elongation of 
plasticized filled divinyl—styrene rubber vul- 
canizate with the concentration and structure of 
the plasticizer molecules. Deformation rate 

50 mm/min: 1) dibutyl phthalate; 2) dibutyl 
sebacate; 3) ditolylmethane; 4) tetralin; 5) 
green oil. 


In our opinion, this is because changes in the mech- 
anical properties of filled vulcanizates are determined 
not only by changes in the configuration (flexibility) of 
the macromolecules, as is the case in unfilled plasticized 
divinyl—styrene vulcanizates, but also by the degree of 
interaction of the polymer molecules with the surface of 
the filler particles. 


In presence of polar plasticizers the interaction be- 
tween the rubber molecules and the surface of the filler 
particles is apparently greater than in presence of non- 
polar plasticizers. 


This hypothesis is confirmed by the results of our 
experiments on the adsorption of rubber molecules on 
the filler particles in plasticizers (solvents) of different 
structure, For the adsorption experiments 0.25 % solu- 
tions of the rubber were prepared in different solvents, 
and 3.5 g of filler per 100 ml of solution was added. 
The rubber solutions were mixed with the carbon black, 


and samples for viscosity determination were taken at intervals [1]. The amount of rubber adsorbed on the 
carbon surfaces was estimated from the viscosity change. 


Amount of polymer 
adsorbed, g 


Fig. 8. Adsorption of molecules of divinyl—styrene rubber 
from solution onto the surface of gas channel black parti- 
cles in presence of plasticizers; 1) Dibutyl phthalate; 2) 
dibutyl sebacate; 3) toluene; 4) green oil; 5) ditolylmethane; 


6) benzene; 7) tetralin. 


The adsorption curves are given in Fig. 3; the time is taken along the abscissa axis, and the amount of 
rubber in grams, adsorbed on the carbon black surface, along the ordinate axis. It follows from Fig. 3 that the 
equilibrium adsorption in presence of polar plasticizers is higher than in presence of nonpolar plasticizers. 
This is probably caused by blocking of the polar groups in the filler particle surface by the molecules of the 


polar plasticizer. 


SUMMARY 


1. The tensile strength of filled divinyl—styrene rubber vulcanizates is greater in presence of polar than 


of nonpolar plasticizers. 
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2. The explanation for this effect is that the molecules of a polar plasticizer assist better adsorption of 
the macromolecules on the filler particle surface than do molecules of a nonpolar plasticizer. 
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CERTAIN PROPERTIES OF BLOCK COPOLYMERS BASED ON AN EPOXY 
RESIN AND BUTADIENE-NITRILE RUBBER 


V. A. Kargin, N. A. Plate, and A. S. Dobrynina 


Much information is available in the literature on different methods for preparation of graft and block 
copolymers, which are of considerable interest both from the theoretical and the practical aspects, The alter- 
nation of long sections of unlike polymeric molecules, joined by chemical bonds, gives new types of poly- 
mers, combining the properties of both the individual components involved in the formation of a given graft 
or block copolymer. 


Extensive bibliographies on the subject are given in the reviews by Immergut and Mark [1], Hart [2], 
and Akutin [3]. However, with a few exceptions, the literature contains no papers dealing with systematic 
studies of the graft and block copolymers formed. A few communications on certain properties of graft poly- 
mers deal with subjects such as the reinforcement of rubbers by the grafting of polystyrene and polymethyl 
methacrylate [4]. It has also been shown that the block copolymer based on polyethylene terephthalate and 
polyoxyethylene glycol is more hydrophilic than polyethylene terephthalate; the melting point of the polymer 
remains constant while the glass transition temperature decreases with increase of the polyoxyethylene glycol 
content [5]. Graft polymers based on nylon and ethylene oxide have also been studied [6], and it was shown 
that the moisture absorption of the graft polymer increases with the ethylene oxide content. One of the pre- 
sent authors and his associates [7] studied block copolymers of novolac resin and nitrile rubber and showed 
that the block copolymer retains the flow properties characteristic of the resin, while its elasticity decreases 
in comparison with the rubber. 


In the present investigation it was desired to study certain properties of the block copolymer formed by 
cold mastication of an epoxy resin with butadiene—nitrile rubber. The mechanochemical method for the 
production of graft and block copolymers, proposed and described by a number of authors [7-11], is worthy 
of attention and study owing to its relative simplicity and possible industrial applications. It was moreover 
of interest to determine the properties of a block copolymer containing macromolecules of two polar polymers 
of dissimilar mechanical properties — a hard and brittle epoxy resin and elastic nitrile rubber. This work forms 
part of a series of investigations of the properties of graft and block copolymers. 


Preparation of block copolymers. Block copolymers of ED-15 epoxy resin and SKN-26 butadiene—nitrile 
rubber were prepared by the mechanochemical method in a flat mill of the “snail” type [11]. * 12 gof 
a mixture of ED-15 and SKN-26, in the following ratios (by weight); 5:1, 2:1, 1:1,1:2,1:5, were treated 
for 5-7 minutes at room temperature in a nitrogen atmosphere.* * 


Separation of the mastication products. Isolation of the block copolymers from the mixture obtained 
after mastication, which contained unreacted resin and rubber in addition to the reaction products, presented 


* The term "block copolymers” applied in this paper to the products of mastication of ED-15 with SKN-26, is 
to some extent conventional, as in addition to true block copolymers a certain proportion of graft polymers 
is formed in the mixture as the result of mastication. The determination of their relative proportions, and the 
separation of such copolymers, form the subject of a special investigation, outside the scope of the present 


paper. 
* * The authors thank B. M. Kovarskaia for help and advice on the use of the mill. 
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considerable difficulties owing to the similar solubilities of all three components in many solvents. It was 
found, however, that a mixture of cyclohexanol with ethylene glycol (65% and 35% by volume) completely 
dissolves the resin and only 8% of the rubber when the mixture is boiled for 5 hours in 100 ml of the solvent; 

a mixture of m-xylene and n-heptane (90 and 10% by volume) completely dissolves the rubber and only 1% 

of the resin in cold treatment of the mixture for 48 hours. Therefore, to separate the block copolymers, the 
mixture after mastication was treated for 48 hours with a mixture of m-xylene and n-heptane at 18-20°. The 
undissolved portion was centrifuged off and treated with a boiling mixture of cyclohexanol and ethylene glycol 
for 5 hours. This two-stage treatment, repeated several times, gave an insoluble residue, which was 12-15% 
by weight of the mastication product taken, and which consisted of a copolymer of the epoxy resin and nitrile 
rubber. 


Preparation of raw mixtures. To compare the properties of the products obtained after mastication with 
the properties of a mechanical mixture of the two individual polymers, raw mixtures of epoxide resin and 
nitrile rubber were prepared. The mixtures were made by evaporation of combined solutions of the two com- 
ponents in chloroform, in the same proportions as in the masticated mixtures. 


Turbidimetric titration. To identify the block copolymers [12] and to check the effectiveness of the 
mastication, we carried out turbidimetric titrations of raw resin—rubber mixtures, of the mixtures obtained 
directly after the mastication, and of the block copolymers isolated from the mixtures. All the resin—rubber 
ratios used were taken in all cases. The titration was performed with the aid of the FEK-M photocolorimeter 
at 19°. The solvent was chloroform, and the precipitant was methanol, which was added from a microburet 
accurate to within 0.01 ml with an initial volume of 20 ml. For comparison of the titration results, the solu- 
tion concentrations of the raw resin—rubber mixtures were so chosen that the relative concentration of the 
rubber did not exceed 0.02%, while that of the resin was not less than 0.02%, as otherwise the rubber coagulated 
and the resin, because of its higher solubility, did not separate out of solution. The turbidimetric titration 
curves are given in Fig. 1, where the optical density Deory is plotted against the percentage concentration of 
methanol in the solution. The values of Deory were calculated by the equation 


where D is the experimentally determined value of the optical density of the solution; V is the initial volume 
of the solution, and v is the volume of the precipitant added [12]. 


Thermomechanical investigations. The thermomechanical properties of the block copolymers and raw 
mixtures were studied by means of the dynamometric balance [13] over a wide range of temperatures, with 
a maximum load of 0.18 kg/cm*. The deformation (in arbitrary units) of block copolymers and raw mixtures 
of the two components is plotted against the temperature in Fig, 2. 


DISCUSSION OF RESULTS 


First, it is necessary to consider the effectiveness of the mastication process; that is, to determine whether 
mastication merely produces an intimate mechanical mixture of the two components, It has been shown [12] 
that this question can be answered by the results of turbidimetric titration. In fact, examination of the titra- 
tion curves (Fig: 1, a) shows that the curves for mechanical mixtures of epoxide resin and nitrile rubber in dif- 
ferent proportions have two distinct bends, corresponding to separation of rubber (with 47.5-48% methanol in 
the solution) and resin (with 68-69% methanol) from the solution, the two separating out independently of each 
other. The turbidimetric curves for different mixtures differ somewhat according to the component ratio, but 
they are all of the same type, corresponding to two-stage titration of the components. 


Curves of a totally different form are obtained by titration of isolated block copolymers and of unfrac- 
tionated mixtures after mastication, Figure 1, b shows the turbidimetric titration curve for an isolated block 
copolymer with 2; 1 ratio of resin to rubber (here and subsequently the component ratio is taken to mean the 
ratio in which the resin and rubber were taken for mastication; it will be shown that this initial ratio alters 
in the course of mastication). It is clearly seen that the curve is of a continuous character with a single in- 
flection, corresponding to a one-component system. The polymer begins to separate out of solution at methanol 
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concentrations not less than 51%, whereas in all mechanical mixtures of rubber and resin in different propor- 
tions the rubber begins to separate out at 47.5-48% methanol concentration (Fig. 1). This difference between 
the initial points of separation of polymers from the solution is well outside the limits of experimental error, 
as all the titration curves for the block copolymers, without exception, have the same initial point of ascent, 
corresponding to 51% methanol, whereas separation of rubber begins in all cases at methanol concentrations 
3-3.5% below this (Fig. 1, a). This difference between the turbidimetric titration curves, together with other 
data, indicates that the mastication results in the formation of a new polymer — a block copolymer of the 
epoxide resin and the nitrile rubber. Figure 1,c also contains a titration curve for an unfractionated mixture 
of resin and rubber (5; 1) after mastication. It is readily seen that the initial portion of this curve completely 
coincides with the titration curves for the isolated block copolymers, and a second bend, with 69% methanol 
in the solution, corresponding to separation of the unreacted resin, appears only at the end of the curve. 


D 
corr * b 
6 a 
a! 
7 I 
08 
I 
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Fig. 1. Turbidimetric titration curves. a) Mechanical mix- 
tures of ED-15 and SKN~26; b) block copolymer (1) and mech- 
anical mixture (II) of samples with 2;1 ratio of ED to SKN; 

c) block copolymers of ED-15 and SKN-26. Ratios of ED to 
SKN; 1) 5:1; 2) 2:1; 3) 1:1; 4)1;:2; 5)1;5. 


Unfractionated 


50 60 70 %,CH,0¥ 


It was very interesting to study the thermomechanical properties of block copolymers and to compare 
them with the properties of mechanical mixtures of the two components. Figure 2, a shows deformation— tem- 
perature curves for specimens with different ratios of the components, obtained directly after mastication, and 
Fig. 2, b gives corresponding curves for mechanical mixtures of ED-15 and SKN-26. It is seen that the ther- 
momechanical curves for the raw mixtures are very similar to the curves for the mixtures obtained after masti- 
cation, The glass transition temperature of the mixtures increases somewhat with increasing resin content, 
reaching —10 and+10° at 1;1 and 2:1 ratios of resin to rubber; when the resin content reaches 33% (Curves 5 
in Fig 2, a and 2, b) the specimen begins to flow at 70-75", and with 50% resin (Curves 4) the high-elastic 
region is almost absent. In this case the polymers pass directly from the glassy into the viscofluid state, i.e., 
the behavior of the specimens is the same as that of pure epoxide resin. This resemblance of the thermomech- 
anical curves for mechanical mixtures and unfractionated specimens of resin and rubber can be attributed to 
the relatively low efficiency of the mastication process in this instance, so that the product after mastication 
still contains appreciable amounts of the unreacted components, which influence the properties of the specimens, 


| Figure 2, c shows the thermomechanical curves for block copolymers of epoxide resin and nitrile rubber 
with different ratios of the original components, isolated as described above, It is seen that all the specimens 
have almost the same glass transition temperature (Tg) which coincides with T for pure butadiene—nitrile 
rubber (— 40-20°* ). Moreover, all the specimens give thermomechanical curves of similar form, similar to 
that for pure rubber, i.e., with a fairly distinct region of high elasticity, Both in form and in the height of the 
high-elasticity plateau, which is inversely proportional to the modulus of high elasticity, all the intermediate 
block copolymers between the rubber and the resin show progressively increasing strength while retaining the 


high-elastic properties of the rubber. 


We carried out a microanalytical detennination of the nitrile group contents of the extreme specimens 
of the isolated block copolymers — Specimens 2 (ED:SKN = 5:1) and 6 (ED:SKN = 1; 5), It was found that the 
block copolymer becomes relatively richer in nitrile rubber during the mastication. The microanalytical data 


* As in original — Publisher's note. 
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showed that block copolymer 2 contained 39% resin and 61% rubber, and block copolymer 6 contained 8% 
resin and 92% rubber, whereas the original proportions were 83% resin and 17% rubber in block copolymer 2, 
and 17%} resin and 83% rubber in block copolymer 6. This accounts for the similarity in properties of the rub- 
ber and of the block copolymers of different quantitative compositions. It is evident that when the block 
copolymer is formed, nearly all the rubber and far from all the resin is consumed. It seems likely that the 
segments of the epoxide resin macromolecules act as rigid regions in the system of the rubber molelcules, 
strengthening and increasing the modulus of the block copolymer, but these reinforcing regions are not large 
enough to have a significant influence on the flexibility and high elasticity characteristic of butadiene~nitrile 
rubber. Therefore, even with high resin contents (up to 39%) the products are strengthened somewhat but re- 
tain their high elasticity over a wide temperature range. 


Deformation 
~~ 
x 


-60 o 60 160 -60 r/} 60 40 -80 a CL 0 C 


Fig. 2, Deformation—temperature curves; a) for products directly 
after mastication; b) mechanical mixtures of ED-15 and SKN-26; c) 
isolated block copolymers of ED-15 and SKN-26. Ratios of ED to 
SKN taken; 1) ED-15; 2) 5:1; 3) 2:1; 4) 1:1; 5) 1:2; 6) 1:5; 7) 
SKN-26. 


Thus, the mechanical properties of block copolymers of ED-15 and SKN-26 can be considered as formed 
additively from the properties of the individual components. 
SUMMARY 


1. Block copolymers of SKN-26 butadiene—nitrile rubber and ED-15 epoxide resin with different pro- 
portions of the original components have been prepared by a mechanochemical method, 


2. Selective solvents for isolation of the block copolymers from mixtures containing the original in- 
dividual polymers have been found. 


3. The glass transition temperature of the block copolymers formed remains almost constant with varia- 


tion of the intial component ratio, while the modulus of high elasticity increases relatively to that of the rubber; 
i.e., mastication results in reinforcement of SKN-26, : 


4, Mastication produces block copolymers relatively richer in rubber than the original mixtures; despite 
the considerable resin contents (up to 39%) the block copolymers formed are similar to the rubber in their ther- 
momechanical properties, i.e., the product is reinforced somewhat but retains high elasticity over a wide tem- 


perature range. 
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ADSORBATE-~ADSORBATE INTERACTION IN THE ADSORPTION OF 
VAPORS ON GRAPHITIZED CARBON BLACKS* 


1. THE EQUATION FOR THE ADSORPTION ISOTHERM WITH ADSORBATE—~ADSORBATE INTERACTION 


AN MUSCLE y 


On entering the adsorption layer, the molecules of an adsorbed substance interact with each other. Gen- 
erally the influence of this interaction is superposed on the influence of surface inhomogeneity, and these fac- 
tors cannot be separated; this hinders interpretation of experimental data. 


However, methods have been recently developed for the production of adsorbents with mainly homo- 
geneous surfaces, suitable for determinations not only of adsorption but also of heats of adsorption. Carbon 
blacks graphitized above 1500° are of this type. Graphitization of carbon black removes the difficulties caused 
by surface inhomogeneity, and adsorbate— adsorbate interaction can be detected experimentally, with increas- 
ing clarity as such interaction becomes stronger and as adsorbate— adsorbent interaction becomes weaker. 


Adsorbate — adsorbate interactions may differ in character, Dispersional forces of attraction, and briefly 
acting forces of repulsion, appear in all cases. For large nonpolar molecules these are the determining interac- 
tions. In the case of small polar molecules electrostatic interaction, and in some cases association with hydro- 
gen bonding, is superposed, 


The shape of the vapor adsorption isotherm depends on the relationship of the thermodynamic charac- 
teristics of the adsorbate—adsorbent and adsorbate—adsorbate interactions. The methods of statistical thermo- 
dynamics can in principle be used for calculation of adsorption equilibria, as of any chemical equilibria. This 
requires the calculation of the corresponding distribution function for the adsorbate molecules in the force field 
of the adsorbent and of the previously adsorbed molecules, and the calculation of the fields themselves. 


This is one of the most important problems in the modern theory of adsorption [1], but not all the neces- 
sary data are available for its complete solution. Therefore in this paper the problem of adsorption equilibria 
on a homogeneous surface is considered from a purely thermodynamic standpoint by introduction of appropriate 
constants, the values of which are not calculated theoretically, However, this semiempirical approach makes 
it possible to compare different methods for the description of adsorption isotherms with each other, and with 
the results of experiments with graphitized carbon blacks; we have selected for this comparison the simplest 
equations for vapor adsorption isotherms with adsorbate —adsorbate interaction taken into account. 


The Brunauer—Emmett—Teller equation. This is a well-known equation, which has been used for the 
past 20 years;* * 


ieee K,h 


am (1—A) [1+ (K,—1) A] ’ (1) 


* Presented at the Lomonosov Lectures of the Chemical Faculty of the Moscow State University, October 22, 
1957 (Part 1). 


* * Jones [3] showed that Equation (1) can be derived from the Langmuir equation in multimolecular adsorption 


[4]. 
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where @ is the fraction of the surface covered; a is the adsorption; a,, is the capacity of the compact mono- 


layer; h is the relative vapor pressure; Kj is the equilibrium constant (constant C in the authors notation) of 
the quasichemical reaction [5]; 


Vapor molecule + free space on surface = single adsorption complex (I) 


Equation (1) takes vertical adsorbate —adsorbate interactions approximately into account, but neglects horizon- 
tal interactions. 


The BET equation, and its particular case for h<< 1 and Kj >> 1 — the usual Langmuir equation — satis- 
factorily describe the adsorption isotherms of strongly adsorbed substances, such as normal hydrocarbons on 
graphitized carbon black [5, 6] up to hs 0.3—0.4.* In such cases the isotherm is strongly convex in the 
monomolecular region and passes through one point of inflection near @ = 1. 


Figure 1 shows @ (h) isotherms calculated from Equation (1) for different values of Ki from 1000 to 0.01, 
and the corresponding positions of the inflection points [3]. An inflection point in the region of positive values 
of h is found only in isotherms which begin with a convex region (Kj> 2). At lower values of Kj the BET iso- 
therms are concave throughout. It follows from Equation (1) that 


Kyh 
§ = ——________________ , (1°) 
1+ (K,—2)h—(K,—1)h? 
therefore in the region of small values of h, even when K;< 2 
Kh Kjh h 4 A 
6 ~m a eee = Wels or - LaF ; =<; . h, iy 
1—(2—Kj)h 1— Ah ty) Ky K, (2), (2°) 


where A = 2—Kj> 0. In particular, when Kj = 1 it follows from Equation (1) [3] that @ =h/(1—h). Over 
a wider range of h, when Kj< 1, it follows from Equation (1) that 


h t=—* B 
1 Ky 1 1 
h 


where B= 1— Ky> 0. Thus, when Kj< 1 the BET equation plotted in Faw a coordinates gives a straight 
line with a negative slope, while at low values of h even when Ky < 2 it is represented by a straight line with 

a negative slope in the coordinates of the Lagmuir equation h/@; h (2"). In the BET theory, the case of low 
values of Kj (weak adsorbate—adsorbent interaction) may be interpreted as spread of the complexes formed by 
the adsorbate molecules along the surface [9].* * 

* At higher values of h the calculated values of a or 9 begin to exceed the experimental values, as Equation (1) 
is based on the assumption that the adsorption equilibrium constants are equal in all layers above the first. In 
reality the adsorption potential decreases in these layers [7, 8], and this always has an effect at 9 > 1.5—2 [5]. 
** Dubinin, Zaverina, and Serpinskii [10] proposed the following equation for the adsorption isotherm of water 
vapor on carbons with an oxidized surface; 


apch (4) 


sae ee 


where ag is the number of active centers and c is a constant. This equation is based on the following assump- 
tions; initial adsorption takes place at active centers, the energies of adsorbate—active center and adsorbate— 
adsorbate interaction are equal, and the surface covering is unrestricted. It follows from Equation (4) that a = 0 
when ag= 0anda=cowhenh <1(ifc>1). For homogeneous surfaces, and equation of the same type (2) is 
a special case of the BET equation (1") for weakly adsorbed substances (Kj ~ 1). 
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The BET equation (see Fig. 1) is not applicable 

to known cases of adsorption of vapors of nitrogen [11], 

argon [11], krypton [12], methanol [13-15], methylamine 

[16], sulfur dioxide [17] and cyclopentane [18] on graph- 

itized carbon black, when the isotherms commence with 

a concave region, pass through the first inflection point 

~ near @ = 0.5, then become convex, pass through the 
second inflection point (near @ = 1), and become con- 
cave again. In such cases adsorbate— adsorbent and 


K,=1000_ adsorbate — adsorbate interactions are comparable, so 


1-100 = that both these interactions must be taken into account 
10 i in equations for these isotherms, and for concave iso- 
2 therms for the adsorption of ammonia [16] and water 
fe / [15] vapors. Equations for adsorption isotherms with 
Es 8t oo adsorbate — adsorbate interaction taken into account 


may be derived in different ways. 


Equation of the van der Waals type. The adsorp- 


Q@ 02 03 ab 054% 


Fig. 1. Vapor adsorption isotherms calculated tion isotherm equations of Kobozev and Hill. It is 
from the BET equation for various values of Ky. possible to start with equations of state for a two-di- 
The dash line represents the positions of the in- mensional layer, analogous to the van der Waals equa- 
flection points caiculated by Jones [3]. tion of state, with adsorbate— adsorbate repulsion at 


long and short distances taken into account; 


a 


(x— ) (o—b) = ar (5) 


2 
@? 


or with attraction at long distances and repulsion only at short distances 


(«+ =| (@ — b,) = AT, (6) 


where m is the surface pressure of the monolayer; w is the area per molecule of adsorbate in this layer; 

a3, ag'and bg are constants. The connection between the equation of state and the equation for the adsorption 
isotherm is provided by the Gibbs equation. Substitution of the expression for dr from Equation (5) into the 
Gibbs equation, and integration under the condition that @ is fairly small, gives an equation for the adsorp - 
tion isotherm of the form [19]* 


6’ 


ieee ead 
Ke) (1) 


ssaHOReY and Gol'dfel'd [19, 20] also derived this equation by introduction of the linear decrease of the 
adsorption potential as the covering proceeds, into the Langmuir equation; it can also be derived fromthe ex- 
pression [20] for the chemical potential of the adsorbate 


Q’ 
1— 6’ 


=U) — 9 + RT In 


, 
ead ; 


(8) 


* Subsequently @' is used to denote the fraction of the monolayer covered, 
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where ¢p is the adsorption potential for isolated molecules, and a is a constant. The expression ead essentially 
has the meaning of the activity coefficient of the adsorbate in the monolayer, From the condition of equili- 


brium with the vapor, we obtain Equation (7) for the adsorption isotherm with adsorbate— adsorbate repulsion 
taken into account, 


With the exception of special cases of surfaces bearing charges of the same sign [21, 22], adsorbate— 
adsorbate attraction generally predominates over a wide range of 6° Substitution of the expression for m from 
Equation (6) into the Gibbs Equation (7) and complete integration gives Hill's equation [23] for the mono- 
molecuiar adsorption isotherm, in the form 


pe 
h = —,—— el-” ; (9) 


E 2a) 
where Ky = RT®, ° 


This equation gives an initially concave isotherm. Depending on the ratio of the constants K} and Kg, 
it then describes an S-shaped isotherm which starts concave, or an isotherm with a vertical portion, correspond- 
ing to two-dimensional condensation [24]. 


Statistical -thermod ynamic expressions for adsorption isotherms with adsorbate—adsorbate interaction. 
Fowler and Guggenheim [25] considered adsorbed layers from the viewpoint of statistical thermodynamics. 


The following expression was derived for localized adsorption with mutual attraction of neighboring adsorbate 
molecules (see also [26]). 


, 
8 —aée’ 


Vist PEER : (10) 


which differs from Equation (7) by the sign in the exponent. 


The advantage of the treatment by means of statistical thermodynamics is that the equilibrium constant 
is expressed in terms of the distribution functions of the adsorbate in the gas phase and on the surface, so that 
a theoretical calculation is possible in principle. 


Barrer and Robins [27] and Barrer and Stuart [28] used statistical thermodynamics [25] to derive isotherms 
which satisfactorily describe the adsorption of vapors on carbon. This method was used [28] to obtain an equa- 
tion tor the S-shaped isotherms for the adsorption of water and methanol vapors on carbons and graphite over 
a wide range of h. The equilibrium equation is of the form [25] 


9’ ( 2(1 —0’) 


pa eee 
Kid — 6) \B-+ 1 — 20" hy 


, 2w )'l2 : m 
where B= {1 — 46’ (1 —6’) [1 — exp — ar |t ' and is the energy of interaction cal 
culated for a pair of molecules at neighboring localization sites; Zis the coordination number of the localiza- 


tion site [4 or 6]. The constants in this equation were found empirically. 


Approximate equation for monolayer adsorption with adsorbate adsorbate interaction. In addition to the 
primary adsorbate—adsorbent interaction (I) with the equilibrium constant 


ie -1e: 


Ki =e (12) 
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where 0} 1s the fraction of the surface covered by unitary complexes, and @q 1s the fraction of the surface re~- 
maining free, the present author took into consideration the quasichemical reactions of adsorbate — adsorbate 


interaction [29]: 


Unitary adsorption complex + unitary adsorption complex +s binary horizontal complex, 


(II) 
Binary horizontal complex + unitary complex ++ternary horizontal complex etc. 
The equilibrium constants of Reaction (II) are; 
0. 0” . Q. 
Kk, = 3 Ky ge Kyi (13) 
6,:9, 9°94 3°94 


Neglecting any possible nonequivalence of the interactions of a unitary complex with different multiple com- 
plexes and of interaction between multiple complexes, and assuming as an approximation that 


Kose Kee Keyes fe oe: (14) 


since the total fraction of the monolayer covered is 


of =1—0=%4+%+6+4..., (15) 
we find [29] 
, 6’ 
es a ae (16) 


Introducing (15) and (16) into (12), we obtain the equation for adsorption in a monolayer with adsorbate— adsor- 
bate interaction approximately taken into account [1, 29]: 


] e" 


—, = __—__—__, LT 
Ki (1 — 0’) (4+ K,,0’) ah 
* Taking logarithms, we have from Equation (17) 
, 18 
Inh=—In Ky + In7-* | —In(t + K,0%. oe 


when @'<<1,In(1— 6") s— 6' and In (1+ K,9') & Kp@', so that (18) passes into the Williams—Henry 
equation 


In B= —In Ky —(K,—1) 0”. (19) 


For 6' not greatly different from 0.5, and low values of K,@"', Equation (19) becomes the semilogarithmic 
isotherm [30, 31] 


0 = Alnp+B. (20) 
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where Kj is the equilibrium constant of Reaction (1) (adsorbate —adsorbent), and K,, is the equilibrium constant 
of Reactions (II) (adsorbate—adsorbate). In linear form we have 


0 ae : 
Wey = Ra + Kad. (17') 


This equation can be verified experimentally. When Ky = 0, Equations (17) and (17') pass into the Langmuir 
equation. * 


Equation (17) is obtained from Equation (10) by resolution of ¢29 "3 14 aQ', but this is only possible 
for small @". Thus, Equations (10) and (17) are similar only in the region of small values of 9°, owing to the 
difference in the functional dependence of the activity coefficient fg+ of the adsorbate on the fraction cover- 
ed. In equation (10) fgr= a8 while in Equation (17) fg: = 1/(1+ K,@"). Both these expressions are approxi- 
mate, and converge when a@' << 1. 


The upper portion of Fig. 2 shows plots of Equation (17) for constant values K, = 1 and Kp = 10, at differ- 
ent values of Kj, from 1000 to 100 to 0.1, and the lower portion of Fig. 2, corresponding plots for constant 
Kj = 10 and Kj = 0.1, with different values of Ky from 100 and 500 to 0.1 and 0.01. The shape of the adsorp- 
tion isotherm depends on the magnitude of Kj and K, and on the ratio between them. 


With decrease of 6", Equation (17), like the Langmuir (12), BET (1), Kobozev (7), Fowler and Guggenheim 
(10), and Hill (9) equations, becomes in the limit the Henry equation h = @'/Kj and @'= Kyh. 


The concave or convex nature of the start of the isotherm is determined by the limiting value (for 6 =h=0) 


of the second derivative. These values for the various adsorption isotherms are given in the Table. 


Initial Values of the Second Derivative for the Different Equations of the Adsorption Iso- 
therms, and the Form of the Initial Ascent of these Isotherms 


Form of the initial portion of 


Equation Initial value of second the isotherm 9 = f(h) (rela- 
derivative ve to the h axis) 
h = 0'/Ky’ (1 —8’) (12) | (d?h/d0?)9_ = 2/K1’ > 0 Convex 


, 
r 


ize K;' A—9®’) ef (7) | (d2h/d8*)9_ 9 =2/Ki' (1+-a)>0 Convex 


ian th Rs (17) (d?h/d0*),_) = Convexif K,<1 
© Ky'(A—6") 4+, 8°) = (2/Ky’) (1—K,,) 20 Goncave if K, >1 
h Reet ey —ae’ (10) (d?h/d0*)5_ 9 ad Convex if a < 4 

ee Oh = (2/Ky’) (1—a) 20 Concave if a> 1 
age er | (d*h/d9*)5_ = Convex if K2<2 
h=5% 70") ge (9) = (2/K1') (2—K2) 20 Concave if K2>2 
Rh (d20/dh2), 9 = Convex if ne 13) 

=m + — pry“) = 2Ky! (2—Ky')20 Concave if Ky’<2 


It follows from the Table that, of all the isotherms which take into account adsorbate— adsorbate interaction 
(horizontal or vertical (1)), only the Kobozev isotherm is convex for all values of the constant a. In all other 
cases the concavity or convexity of the start of the isotherm is determined by the magnitude of the constants 
Kn (17), a (10), Kg (9), or Kj (1). Thus, even in presence of adsorbate— adsorbate attraction the isotherm may 
start with 1 either a convex or a concave portion, depending on the values of the relevant interaction constants.* 
*In contrast to this, Serpinskii [32] pointed out that “if attraction forces predominate between the adsorbed 
molecules, this gives rise to (initially) convex adsorption isotherms, whereas if repulsion forces prevail, the 


isotherms are concave." 
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The role of the adsorbate — adsorbent equilibrium constant Kj is very important. It is clear from Fig. 2 
that at high values of Kj the shape of isotherm (17) approaches that of the Langmuir isotherm. This is seen 
if equation (17) is written in the form 


i Kyh(t — 9’) 
{— K\K,h(1— 8’) 


, 


(17°) 


Large Kj@' approaches unity even at small h; therefore the product h (1 — @') remains small up to 
large values of 9'. Therefore the term KjKnh(1—6') << 1, and Equation (17") approaches the Langmuir 
equation. 


---7/ Ideal 


UU] 10 15 1/8 
Fig. 2. Monomolecular adsorption isotherms Fig. 3. Plots of the equations of state for an adsorbed 
calculated from Equation (17); above) iso- film; 1) ideal; 2) conforming to Equation (21) when 
therms for constant Kp and different Kj; Ky = 10. 
below) isotherms for constant Kj and differ- 
ent Kp. 


To obtain the equation of state we differentiate Equation (18), substitute into the Gibbs equation, put 
G = Oy, 9" ( Op is the capacity of the dense monolayer per unit area) and integrate, obtaining 


me TRS lie In (1 + K,0’) — In (1— 6’) — e" (21) 
n 
For small values of K,@' resolution into series after the substitution 9 ' = ee ee gives [29] 
Ww AmNw 
no = kT (1+ B,/o + By/o?+...), (22) 


where the coefficients of alternate sign are 


Gates (23) 
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The surface pressure 7 depends, through Kn, on the energy and entropy of the adsorbate — adsorbate in- 
teraction. A specimen comparison of the equation of state for a two-dimensional film calculated from Equa- 
tion (21) for K, = 10 with the ideal equation is given in Fig. 3. 


Approximate equation for multimolecular adsorption with adsorbate — adsorbate interaction in the first 


layer taken into account. In our earlier papers [29, 33] the formation of vertical complexes, in addition to 
horizontal, was taken into account in terms of quasichemical equilibria for a reaction of the type: 


Vapor molecules + free sites on horizontal complexes + binary vertical complexes etc. ( III) 


In multimolecular adsorption only uncovered unitary complexes take part in the primary reaction (1) of forma- 
tion of unitary complexes in adsorbate— adsorbent interaction [33]. Therefore the equilibrium Equation (12) 
contains, not @j the concentration of all (covered and uncovered) unitary complexes, but only the concentra- 
tion of uncovered unitary complexes, 0 : 


eek eS 
Se (12") 
Since we assume that in the reaction: 


Vapor + uncovered complexes of the first layer + binary vertical complexes 


the adsorbate molecules are distributed uniformly among the different types of uncovered complexes, it follows 
that 


Gor / 91 = 90/0, = +++ = 0,/0’, (24) 


where 99 and @' are the concentrations of the uncovered and of all the complexes in the first layer. Let us 
assume that the horizontal interactions in the first layer do not depend on whether the horizontal complexes 
in this layer carry vertical superstructures of other adsorbate molecules. Then covered and uncovered com- 
plexes of the same order in the first layer are indistinguishable with respect to Reactions (II); therefore Equa- 
tion (16) remains valid. Substituting, into Equation (12'), 67 from Equation (16), 6% from Equation (24), and 


04§= 1 - 9', we have, instead of (17) 
0. 


0 
fy h(t—0)(1-+ K,0’) ° ny 


Next we consider the total fraction @ of the surface covered in multimolecular adsorption, Here we 
use the same reasoning as in the thermodynamic derivation of the BET equation [5]. We assume [2, 5] that 
the equilibrium constants for the formation of multiple vertical complexes are equal. * 


“ wy 
meres Vite y eh poe an sola sagee (26) 


0, 


where 0", 9™,... are the fractions of the surface covered by binary, ternary, etc. vertical complexes, Since 
[2] = 6)+ 20"+ 30"+...,and @'= 65+ 0"+0"™+..., from Equation (26) it follows that [29] 


* This assumption in the BET theory restricts the applicability of the equation at large values of h, as in reality 
the energy and entropy of type (III) interactions later with increase in the size of the vertical complexes (see 


[7, 8]). 
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6= 0/1 —Kyh)? = 0/1 —Kyh. (27) 


From this we find 9j= 6 (1- Kih? and 9'= @ (1— Kh); introducing these expressions into Equation (25) 
we obtained an approximate equation for multimolecular adsorption of vapors with adsorbate—adsorbate in- 
teraction in the first layer taken into account, in the following form [33]; 


‘ (1 — Kh)? 
~ KiM—Ot—KAIU+K,0(1— KA) (28) 


In absence of multimolecular adsorption K 7 = 0 and Equation (28) becomes the equation for monomole- 
cular adsorption (17). For the case of multimolecular adsorption of vapors of wetting liquids when h = 1s 
@ = © [2]; therefore, from Equation (27) K/ = 1 and 


ps 6 (4 —h)? 
K, [1 —0(4 —A)] [4 + K,9 (1 —A)] (29) 
or 
0 (1 —h)® , , 
Wot ay = Xi + K,K,6 (1 — h). (29") 


In absence of adsorbate— adsorbate interaction in the first layer, Ky, = 0 and Equation (29) becomes the 
BET equation (1) [83]. 


In general, Equation (29) represents a curve with two points of inflection. In the particular case when 
Kj is large, adsorbate — adsorbate interaction is relatively small and the equation for multimolecular adsorp- 
tion approaches the equation [29] 


Kyh 


(1—h) (1+ Kyh)’ So 


: a 
§=—= 
am, 


convenient for determination of the capacity of the dense monolayer ayy and of specific surface. In the case 
of weak adsorbate— adsorbent interaction, 9 remains small over a considerable range of h; consequently, 
@(1—h) << 1 and Equation (29) becomes 


Ki + K,,0 (1 —a)] 
or 
Wives ted KK, +1 : 
SCS a eee. (31") 


i.e., in the coordinates of the BET equation (h/@ (1-—h), h) the isotherm in this case is represented by a straight 
line with a negative slope. If Kp is large, the product K{ Ky may become considerably greater than unity, and 
Equation (31") then becomes 


h 1 


(32) 
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This special case was considered earlier [29]. In the initial region where h << 1 


4 K'h 
eee Rh oe eee 


(32"), (32") 


This equation is similar to Equation (2), which follows from the BET theory, in the form of the functional rela- 
tionship between @ andh. Thus, in the two extreme cases of large Ky and small K,’ the isotherms are close to 

the form predicted by the BET theory, but in the latter case the deductions drawn from Equation (29) are more 

informative, as they indicate the role of horizontal interactions (in terms of Kp). 


Plots of Equations (29) for different ratios of the 
constants Ky and Kj are given in Fig. 4, It is seen that 
with small K, and large Ky the isotherm starts convex 
and,like the BET isotherm, passes through an inflec- 
tion point near 9 = 1 when Ky >> 1. Decrease of Kj 
results in isotherms with concave initial regions and 
two inflection points. On further decrease of Kj the 
isotherm is concave throughout and has no inflection 
point, like the BET isotherm when Kj < 2. The effect 
of variations of the constant Ky is seen in the lower 
part of Fig. 4. Large values of Ky make the isotherms 
initially concave, and they then pass through two in- 
flection points. 


It is possible to take similarly into account the 
superposition of multimolecular adsorption in the other 
equations, considered above, for monomolecular ad- 
sorption with adsorbate— adsorbate interaction in the 
first layer taken into account. For further refinement of the 
multimolecular adsorption isotherm it is necessary to 
take into account horizontal interactions in the second 


Fig. 4, Isotherms for multimolecular adsorption and subsequent layers, the decrease of the vertical 

of vapors, calculated from Equation (29); above) equilibrium constants with increasing size of the verti- 
isotherms for constant Kp and different Kj; be- cal complexes, and to introduce a more exact rela- 
low) isotherms for constant Kj and different Kn. tionship between the activity coefficients and the frac- 


tion of the layers filled. 


Applications of the equations for the adsorption isotherms are described in another paper [34]. 


SUMMARY 


1. Different equations for the isotherms of monolayer adsorption from the gas phase on homogeneous 
surfaces, with adsorbate— adsorbate interaction taken into account, are examined, 


2. Approximate equations for mono- and multimolecular adsorption of vapors, derived by the method 
of quasichemical equilibria and representing adsorption isotherms with one or two points of inflection, are 
discussed. 


3. The shape of the adsorption isotherm and its initial curvature are determined by the values and ratio 
of the adsorbate—adsorbent and adsorbate—adsorbate equilibrium constants. 


The author is deeply grateful to N. N. Avgul', E. V. Khrapova, N. V. Kovaleva, and V. A. Sinitsyn for 
calculations, plotting of the diagrams, and discussion. ° 
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HETEROCHAIN POLYAMIDES 


10. THE EFFECT OF SOME ORGANIC SUBSTANCES ON THE STABILITY OF 
ALCOHOLIC POLYAMIDE SOLUTIONS 


V.vV. Korshak and S. A. Pavlova 


The stabilization of concentrated polymer solutions, i.e., the retardation or prevention of the gelation 
process, is closely associated with polymer solubility. Clearly, from this viewpoint solvent quality depends 
on the stability of the solutions formed, The solvent power of a liquid with respect to a given polymer is 
determined by the change of free energy during the solution process [1]. As the change of free energy is the 
result of changes of the enthalpy and entropy of the system, solution may take place as the result of changes of 
enthalpy or of the entropy of the system during the process or, most commonly, of changes of both. When a 
polymer is dissolved in a mixed solvent, the solution mechanism may vary with the solvent composition. 


Accordingly the mechanism of the stabilizing action of a second component added to a solvent may vary. 
Stabilization may take place as the result of formation of a solvate layer which prevents interaction between 
the molecules and gel formation, or as the result of increased flexibility of the macromolecules and increased 
entropy of the system. This is favored by desolvation of the macromolecules. 


In our study of the stabilizing effects of a number of substances on concentrated solutions of mixed poly- 
amide G-669 in ethanol, it was not our aim to study in detail the mechanism of the stabilizing action of 
various substances. However, certain conclusions may be drawn from our results. 


The material chosen was “Anid G-669"* with 


TABLE 1 

molecular weight 21,000. 20% solutions of the poly - 
Stabilizer Concentrations Required to Stabilize amide in ethanol, containing various amounts of the 
the Solution for 100 Hours substances being tested as stabilizers, were heated until 


quite homogeneous, stirred, and placed in a thermostat. 
The stabilizing effect of the added substance was judged 
by the time which elapsed before the solution became 
turbid, followed by gelation. Complete gelation was 
taken to be the point when the gel remained immobile 
with the tube placed in a horizontal position, 


Concentration of 
stabilizer, % 


Stabilizer 


Phenol 


Benzoic acid 14 


Curves for the gelation time against stabilizer 
15 concentration are given in Figs. 1-4. The amounts of 
stabilizers required to protect 20% alcoholic polyamide 
solution against gelation for 100 hours are given in 
Table 1. 


Formic acid 


Acetic acid 24 


The polyamide dissolves,without heating,in ethanol containing over 5% aniline and o-chloroaniline or 
10% benzyl alcohol. 


The results are also given in Table 2. In addition, the stability of 10% polyamide solutions in different 
alcohols was studied, The results are given in Table 3. 
* Anid G-669 is a mixed polyamide obtained by polycondensation of 1 part hexamethylenediammonium adi- 
pate, 1 part hexamethylenediammonium azelate, and 2 parts € -caprolactam, 
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Gelation time, hours 


Amount of stabilizer, % 


Fig. 1. Effect of stabilizer concentration on the 
stability of alcoholic polyamide solutions; 1) 
phenol; 2) benzoic acid; 3) formic acid; 4) 
acetic acid, 


The substances tested as stabilizers may be divided 
into three groups, The first group includes solvents which, 
when added to polyamide—ethanol mixtures, steadily in- 
crease the solubility of the polyamide in methanol up to 
its solubility in the pure solvent; it has been shown that 
they can be compared by the effectiveness of their 
stabilizing action, which probably depends directly on 
their solvent power. The second and third groups consist 
of nonsolvents, Stabilizers of the second group merely 
lower the solubility of the polyamide in the mixture, 
while stabilizers of the third group raise the stability of 
the solution to a certain maximum and then, with further 
increase of their concentration, precipitate the polyamide 
or, at high concentrations, cause gel formation. The 
third group of stabilizers was of the most interest from 
the practical standpoint, as it included the most effec- 
tive stabilizers. The optimum concentrations of the 
added stabilizers and the gelation times of 20% and 10% 
solutions of polyamides in mixtures containing stabilizer 
and ethanol are given in Table 2. The diversity of the 
types of substances which are qualitatively similar in 
their stabilizing effects should be noted. 


Dissolution of the polyamide is associated with breakdown of hydrogen bonds, and therefore substances 
which are themselves capable of forming hydrogen bonds, such as acids and phenols, should be solvents for poly- 
amides, Ethyl alcohol is not a sufficiently active solvent from this aspect, and does not dissolve one-component 
polyamides; it dissolves mixed polyamides only at temperatures above 30°. 


TABLE 2 


Gelation Times of 20% and 10% Solutions of Polyamide in Ethanol Contain- 


ing the Stabilizer 


Amount of sta- 
bilizer in mix- 


Stabilizer 


Time in minutes 


to to 
ete turbidity —|gelation 
20% Polyamide solutions 
Polyamide without stabilizer — 35 60 
Ethylene glycol 9—10* 165 ! ene 
Diglycol 10—11 165 345 
; 10—14 215 ae 
eee 5 195 390 
Octyl alcohol 3 75 = 
Ethyl ether i 65 ae 
Spi apiages 56 60 95 
Dimethylformamide : .; oe 
yc 25 re, en aba 
ater 
10% Polyamide solutions 
formamide 40—15 70 ae 
Dichloroethane ae 180 tes: 
Chloroform = No turbidity 


*For some of the stabilizers a concentration range is given in which the 


stability is approximately constant. 
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TABLE 3 
Stability of Polyamide Solutions in Various Alcohols 


Time in minutes before start of 


eo Alcohol 
E turbidity gelation 
o 
: 
Creat . ay, ee 
§ Ethyl 
s Propyl 715 195 
8% i a C 
Amount of stabilizer, % Isopropyl No turbidity No gelation 
n-Butyl 50 195 
Fig. 2. Effect of stabilizer concentration on the Isobutyl = 195 
stability of alcoholic polyamide solutions. 1) 
caprolactam; 2) vinyl butyl ether; 3) acetal- Benzyl No turbidity No gelation 
dehyde. 
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Fig. 3. Effect of stabilizer concentration on the stability of alcoholic 
polyamide solutions; (a) 1) Ethylene glycol; 2) glycerol; 3) octyl 
alcohol; 4) diglycol. (b) 1) Dimethylformamide; 2) ethyl ether; 3) 
pyridine; 4) urea; 5) propionitrile. 


a 

g 0 [9] 

o 

E O5 

= : 

in 

g 

ira 

| 

Hy P 
0 10 20 30 i] m 20 30 40 
% of water in mixture % of water in ethanol 


a b 


Fig. 4. Effect of water concentration on the stability (a) and the intrinsic 
viscosity (b) of alcoholic polyamide solutions. 


As already stated, the addition of substances forming more stable hydrogen bonds with the polyamide con- 
tinuously increases the polymer solubility, Substances of the third group are not among these. It seems likely 
that, for example, the addition of water, which forms aggregates with the alcohol molecules, should favor de- 
solvation of the macromolecules and thus increase their flexibility. The entropy term in the total free energy 
change of the solution should therefore increase. Figure 4 shows the variation of the intrinsic viscosity of a 
polyamide solution in ethanol with variations of the water content of the solvent. The decrease of intrinsic 
viscosity is a sign of a decrease of the hydrodynamic interaction between the polymer macromolecules and 
the solvent; i.e., there is in fact some decrease in the size of the macromolecular globules, which become 
more compact ( owing to increased flexibility or possibly to the formation of intramolecular hydrogen bonds) . 
The stabilization effect is greatest at 1: 1 molecular ratio of water and ethanol. Further addition of water 
sharply decreases the viscosity and precipitates the polymer. 


SUMMARY 


The stabilizing effects of certain organic compounds on concentrated solutions of Anid G-669 in ethanol 
have been studied. 
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THE MELTING OF GELATIN GELS 


S. 1. Meerson and S. M. Lipatov 


Our thermochemical investigations showed that the heat of solution of a polymer is a complex function 
of the temperature and of the nature of the polymer and solvent. It was found that the general thermochemi- 
cal relationships which were established are associated with the physical state of the polymer and, in a number 
of cases, with its glass transition temperature. A number of papers have been published by foreign investi ga - 
tors in recent years, dealing with the effect of temperature on the heat of solution of polystyrene in various 
solvents [1, 2]. The results were in good agreement with out earlier findings for the same polymer [3]. A 
peculiar feature of the heat of solution of polystyrene in toluene and benzene is the absence of an upper hori- 
zontal plateau, which we found for other systems. Schulz and Senckel [1, 2] correlated the observed heat of 
solution with the heat capacity and the glass transition temperature of the polymer. To explain the result ob- 
tained, they suggested that when the polymer dissolves the heat of vitrification (second-order transition) is 
liberated; the greater the difference between the solution temperature and the glass transition temperature, 
(Tg) the greater is the heat liberated. 


This is made clear in Fig. 1, which shows the dependence of the enthalpy and specific volume of the 
polymer on the temperature. At low temperatures the polymer is in the glassy state, and its enthalpy and 
specific volume vary almost linearly with the temperature up to Tg. AtT the polymer passes into the molten 
state, which is characterized by a higher temperature 
coefficient of enthalpy. The authors cited consider that 
when a polymer is dissolved at a temperature below Tg, 
such as T,, a solution is formed such that its enthalpy 
(H) and specific volume (V) lie on the continuation of 
the line for the melt, It follows that dissolution of the 
polymer at T, is accompanied by transition from the 
glassy state to a solution, with decrease of enthalpy 
and specific volume (AH = H, — Hg). Therefore heat 
of vitrification should be liberated when the polymer 
dissolves (AH <0;Q>0). The amount of heat liberated 
must decrease with approach to Tyg, and at Tg Q=0 
provided that the heat of mixing of the polymer melt 
with the solvent is zero. 


This interpretation can hardly be challenged for 


Fig. 1. Effect of temperature on the enthalpy the system polystyrene —solvent, especially as it has 
change and the specific volume of the polymer. been shown [ 2] that the partial specific volume of poly- 
Tg is the glass transition temperature. styrene in solution is less than that of the pure polymer, 


and lies somewhat below the straight line which re- 
presents the continuation of the specific— volume line 
for the melt into the region of lower temperatures. 


Therefore, heat of vitrification should be liberated during the solution of polymers if the specific volume 
and enthalpy of the polymer are lower in solution than in the glassy state. 
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FABLE’ :1 However, these views appear to us to be incorrect 
in relation to other systems studied by us (certain 
polymers which show limited swelling, such as gelatin). 
We consider the decrease of the heat effect with in- 
crease of temperature to be due to absorption of heat 
of fusion. The controversial nature of this question led 
us to seek another method, whereby it could be shown 
that when a polymer of maximum solvation (or gel) 
passes into solution heat is not liberated but absorbed, 
and whereby the quantity of heat required for fusion of 
gels could be determined. 


Effect of Temperature on the Viscosity of 0.8% 
Solutions of Gelatin in Water and 3 M Urea 


Solution 


Solvent :| Nye) at various temperatures, °C 


8 | 124] 20] 20] 40] 


Gel 4.60 | 3.64/1.53 |1.40] 1.38 


Urea, 3M 1.80 | 1.74}1.64 |1,62] 1.55 


We therefore carried out a series of determina- 
tions of the heat of solution of gelatin gels in urea 
solutions at various temperatures, 


It is known from the literature that urea lowers the gelation temperature and the viscosity of concentrated 
gelatin solutions [4]. We also showed that at relatively low temperatures the viscosity of gelatin solutions is 
lower in urea than in water at the same concentrations; this was in agreement with the findings of other authors, 
However, at higher temperatures the viscosity of solutions in urea is higher than in water at the same concen- 
trations ( Table 1), 


These results show not only that urea blocks the 


A 
Baltes Bi active groups [ 4, 5] which are responsible for struc- 
Effect of Temperature and Urea Concentration on turization and gelation (this effect is especially notice- 
Heat of Solution of Gelatin able in relatively dilute solutions) , but also that it 


causes straightening of the chains. 
Temperature} Heat of solution of gelatin in cal/g 


of experi - 


Preliminary thermochemical investigations showed 
8M urea solu-_ the heat of solution of gelatin in urea solution, which 
tion depends on the solution concentration, as greater than 
the heat of interaction of gelatin with water. It follows 
from Table 2 that the heat of solution increases with 
20.0 . increasing concentration of urea. 


3M urea solu- 


ment, °C i i 


20 
50 


It was also found that the nature of the Q = f(t) 

relationship for dry gelatin and gelatin containing 13% 
of water, when dissolved in urea solutions, is the same as in the dissolution of gelatin in water, but the tem- 
perature, at which the heat effect ceases to vary with the temperature, decreases (see curve for 87% in Fig. 2). 


We used 8 M urea solution for determinations of the heat of solution of gels. The results are plotted in 
Fig. 2; a totally different situation is seen over a wide range of gel concentrations; the heat of solution in- 
creases with temperature. In this case the gel does not melt in the ampoule at relatively low temperatures, 
and when it dissolves in the urea solution a certain quantity of heat is expended, which is subtracted from the 
positive heat of interaction of the gelatin with the urea solution. On further increase of temperature the gel 
melts in the calorimetric ampoule and therefore less heat is absorbed when it dissolves: as a result the total 
heat effect increases. At a certain temperature (T,,) the gel is completely melted in the calorimetric am- 
poule, and the observed heat effect is equal to the heat of mixing of the melt with the urea solution. Con- 
sequently, AQ represents the heat of melting of the gel. It follows from Fig. 2 that the extent of the melting 
range varies with the gel concentration, the higher the gel concentration, the broader is the melting range and 
the higher is the melting temperature (Tm). 


It is known that on addition of 30% of water to dry gelatin all the polar groups become hydrated (gels 
of the first type), and such hydrated gelatin does not liberate heat on contact with water, We found that for 
gels containing less than 30% water the O = f (t°) curves for their dissolution in urea solutions are normal, i.e., 
O decreases with increase of temperature whereas, as follows from Fig. 2, the reverse is true for gels containing 


over 30% water (gels of the second type). 


337 


20 40 60 C 


Fig. 2. Effect of temperature on the heat of 
solution of gelatin gels in 8 M aqueous urea 
solution; the numbers on the curves represent 
the percentage concentrations of the gelatin 
gels. 


water yg 50 0% 
gelatin -0 50 100% 


Fig. 3, Effect of gel concentration on the heat 


of solution of gels in 8 M aqueous urea solu- 
tion, 
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The explanation is that there is considerable bond- 
ing between the polar groups in gels of the first type, 
and such gels do not melt in the calorimetric ampoules 
in the determinations of the Q= f(t*) curves. In gels 
of the second type the polar groups capable of hydration 
are completely hydrated and are not joined to each 
other. The gel structure is maintained either by non- 
polar groups or by nonhydratable groups; these bonds 
are weak and the gel melts when the temperature is 
raised. Nevertheless, there is a certain temperature 
range when this melting cannot occur, as the heat sup- 
plied is less than that required to overcome these bonds. 
It is not possible to determine this heat of melting in the 
interaction of gels of the second type with water, as the 
heat effect is found to be zero over a wide temperature 
range. (At room temperature the gels do not melt and 
the heat of hydration is zero, and at higher temperatures 
the heat of hydration is again zero and the gel is already 
melted in the ampoule.) 


It is quite evident that if a solvent is found in 
which gels of the second type dissolve at room tempera - 
ture, the heat of melting can be determined. 8M 
aqueous urea solution is such a solvent. 


In Fig. 3 the heats of solution of gels in urea solu- 
tion are plotted against the gel concentrations at 20 and 
70°. It is seen that for gels of the first type Qeo°> Qn°s 
and for gels of the second type Og? < Qy°, i.e., the 
Q= f(t’) relationship is the reverse of the type found 
earlier. The difference between the ordinates of the 
two isotherms gives the heat of melting of a gel of a 
given composition. Figure 3 can be used to determine 
the heats of melting of gels of low concentrations; this 
is important because in experiments with such gels cal- 
culations based on dry gelatin content involve large 
errors, 


This new method can be recommended for de- 
terminations of the heats of melting of any reversible 
polymer gels; it is merely necessary to find a solvent 
in which the gel dissolves spontaneously at all tem- 
peratures, 


The form of dependence of the heat of solution 
of gels on the temperature, indicative of melting of 
the gels, is confirmed by the results of studies of the 
effect of temperature on the heat capacity of the gels. 


The Cp = f(t*) relationship was determined for 
certain gelatin gels. An adiabatic calorimeter of the 
S. M. Skuratov type was used. The gels were held for 
a certain time at each temperature to attain equili- 
brium. The results for 62% gelatin gel are given in 
Fig. 4. It is seen that the Cp = f(t*) passes through a 
maximum. The same diagram shows the H = f(t*) 
relationship calculated from the Kirchhoff law. The 


enthalpy changes of the gel are of the same nature as 
that found in studies of the heat of solution of gels in 
urea solution. The same indistinct transition is found, 
and the heat of melting is 8 cal/g of polymer. The 
heats of melting found by the two different methods 
are in fairly good agreement, 


These results demonstrate the inapplicability of 
Senckel's views [2] to the system in question. Figure 5 
can be used to account for the increase of the heat ef- 
fect with increase of temperature when gelatin gels are 
dissolved in urea solution, and the decrease of the heat 
effect with increase of temperature when dry gelatin is 
dissolved in water. 


If the enthalpy of the gelatin solution is considered 
to lie on the continuation of the line for the melt, it is 
clear that at the transition from gel to solution at t, 
heat should be absorbed, equal to the heat of melting of 
the gel. The quantity of heat absorbed should decrease 
as Tm is approached, and at Ty, the heat effect should 
be zero (or, in this instance, equal to the heat of mixing 
of the melt with urea solution). This process is repre- 
sented by Curve 2 (Fig. 5) for the Q=f (t°) relationship. 


JO JO 70 °C 


Fig. 4. C, = f(t®) and H = f(t*) relationships for 
68% gelatin gel. 


In explaining the character of the O=f (t°) rela- 
tionship for the dissolution of gelatin in water it must 
not be forgotten that dry gelatin does not melt in the 
calorimetric ampoule and that the enthalpy changes 
slightly over the temperature range in question. In this 
case the melting takes place on contact of the gelatin 
with water at an elevated temperature. Therefore the 
enthalpy of dry gelatin must be extrapolated to higher 
temperatures. The dissolution of gelatin at t, is accom- 
paned by absorption of heat. This process is represented 
by Curve 3 (Fig. 5) for the Q= f(t*) relationship when 
gelatin is dissolved in water (with the heat of hydration 
disregarded). 


Thus, we were able to show by two independent 
methods that the transition of a gelatin gel into a melt 
(gel—sol transition) and the solution of dry gelatin in 
water over a wide temperature range are accompanied 
by absorption of heat. 


Fig. 5. Schematic plot of the H = f(t) and 
Q= f(t*) relationships (T,, is the melting 
temperature): 1) H = f(t*) for gel; 2) Q= f(t’) 
for gel when dissolved in urea solution; 3) 
Qz= f(t*) for gelatin when dissolved in water. 
Since melting of the gel is accompanied by ab- 

sorption of heat, it is clear that the reverse process, 
gelation, must be accompanied by liberation of heat. This result is in agreernent with our earlier thermographic 
investigations [6], with the advantage that the heat of melting can be evaluated quantitatively. 


It must be pointed out that thermographic and dilatometric studies of gelation present great difficulties, 
as the volume and heat effects are very small, especially for relatively dilute gels, as is clear from Fig. 8. 
However, the nature of the a = f(t’) and Cp = f(t) relationships indicates that a volume effect should also 
occur in the process. We therefore carried out, jointly with N. N. Puchkova, dilatometric and pycnometric 
determinations of volume changes in gels over a wide range of temperatures and concentrations. Here we give 
only one curve, which shows the volume changes of a 60% gel with temperature.* 


* More detailed results of studies of the dependence of gel volume on the temperature over a wide range of con- 
centrations will be given in a separate communication. 
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Fig. 6. h = f(t°) and o = f(t*) relationships for 
60% gelatin gel. 


2 
a d2 23 34 1000/T 


Fig. 7. Log c=f (22-) relationship for 
gelatin gels; 1) Data of Elridge and Ferry; 2) 
calorimetric data; 3) dilatometric data. 


The ordinates in Fig. 6 represent the height of the 
mercury in the dilatometer capillary (h) (with a correc~ 
tion for the expansion of mercury). It follows from Fig. 
6 that the h = f(t°®) curve resembles analogous curves 
for certain partly crystalline polymers [7]. It is diffi- 
cult to determine the start of the melting range. How- 
ever, the end of the melting range is detected fairly 
clearly from the intersection of the two curves. We 
denote this point by Tm. This temperature coincides 
with the melting point determined visually. If the line 
for the melt is extrapolated to lower temperatures, it 
is seen that the supercooled melt has a greater volume 
than the gel at the same temperature. 


The variation of the coefficient of volume ex- 
pansion of the gel (a) with the temperature is also 
plotted in Fig. 6. It is seen that the a = f(t) curve, 
like the Cp = f(t) curve, passes through a maximum. 


It follows from all these results that the transi- 
tion of the gel into the liquid state can be regarded 
as melting. 


Since the gels do in fact melt, and Ty is low- 
ered with increasing amount of solvent, it is possible 
to use the Flory equation [8] for calculation of the 
heats of melting of the gels, The Flory equation 


a! 


ie eee 
La Oe. 


R 
AH log Vn, 


may be written in a form more convenient for calcula- 
tions 
4 2,3R 


“a = — Aq 08 Nn + const, (1) 


where 1/T = const, Tg is the melting point of the poly- 
mer; T is the melting point of the polymer containing 


the solvent; Np is the mole fraction of the polymer, 
The values of T,,, = T were taken from our dilatometric 
and thermochemical data. We also used the equation 


AH | 
log C= — 23RT +- const, (2) 


which had been used both by ourselves [11] and by Elridge and Ferry [9] for calculations. The relationship 
log c = f (1000/T) is plotted in Fig. 7. It is seen that Equation (2) is applicable to gels at concentrations not 
over 40%; above this, calculations based on Equation (1) and on Equation (2) both deviate from linearity. 


The values of AH are 50 and 57.6 kcal/mole respectively, The values of AH calculated by these equa- 
tions agree with the heats of melting given by Walker [10] and by Elridge and Ferry [9], and also with our 
values for the heats of melting of gels, calculated from the maximum swelling—temperature relationship [11]. 


These calculations show that the molar heat of melting cannotbe found by mere multiplication of the 
heat of melting (cal/g of polymer) determined calorimetrically, by the molecular weight. 
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SUMMARY 


1, A calorimetric method for determination of the heats of melting of gels has been developed and used 
to determine the heats of melting of gelatin gels over a wide range of concentrations. 


2. The heat of melting of a gel (in cal/g of polymer), the melting-temperature range, and Tp depend 
on the concentration of the gel. 


3. The dependence of the heat capacity of 62% gelatin gel on the temperature was investigated. It 
was shown that the Cp = f(t) curve passes through a maximum. 


4. The gel volume—temperature relationship has been studied by a dilatometric method. It was shown 
that the h = f(t*) curve has an inflection point corresponding to T;,. The a = f(t*) curve passes through a 
maximum. 


5, It may be concluded from all these results that Schulz and Senckel's conclusion concerning the lib- 
eration of heat of vitrification during dissolution over a wide temperature range is not valid for all polymers. 
For the system investigated here, heat of melting is absorbed when gelatin dissolves over a wide temperature 
range. 
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PLASTICOELASTIC PROPERTIES OF SKN-26 RUBBER 


A. S. Novikov and F. S. Tolstukhina 


The plasticoelastic properties of SKN rubber in the solid phase were studied in relation to the molecular 
weight, fractional composition, and types of fillers added. 


Samples of different molecular weight were obtained by fractionation from solution in benzene— methyl 
alcohol mixture, by the method of cooling. Seven fractions were isolated, each comprising 12 + 2% of the 
weight of the original polymer. The fractions were stabilized by addition of 2 wt, parts of phenyl-8 -naphthyl- 
amine per 100 wt. parts of rubber. The first fraction was insoluble. For the soluble fractions, the intrinsic 
viscosity in benzene at 25°, and the molecular weight (by the osmotic method, in osmometers of Dogadkin's 
design) were determined. Films were prepared from solutions of the fractions; these were driedto constant weight 
under 10°* mm Hg residual pressure in the dark at room temperature, Constancy of the molecular structure dur- 
ing the experiments was checked by the solubility and values of the intrinsic viscosity. The results of mechani- 
cal tests are given for specimens the molecular weight of which remained unchanged after the experiments. 


The kinetics of development of simple shear deformation and of creep after removal of the load [1-4] 
was studied for the specimens. The shear was effected in a layer of polymer between two plane parallel plates 
[5]. The displacement was measured by means of a cathetometer to an accuracy of 0.0005 cm; the maximum 
deformation was 100-150%. The displacement rate was varied between 4.33 - 10? and 1.44-107° sec™}, accord - 
ing to the material. Rebinder [1] states that this is the most accurate and simplest method for investigation 
of deformation properties. 


At constant stress and temperature, the linear portion of the shear deformation—time curve represents the 
tate of increase of irreversible deformation, while the high-elastic deformation in conditions of steady flow can 
be determined from the recovery after removal of the load, The characteristics of the material — the viscosity 
(7 ) and equilibrium elasticity modulus (Ey) — were calculated from the expressions 


iP P 
er i oe 


where 7) is the viscosity in poises; P is the shear stress in dynes/cm?; € is the velocity gradient in sec}; E, 
is the equilibrium elasticity modulus; ¢ ,, is the relative high-elastic deformation. 


Figure 1 shows a typical rheological curve for a polymer fraction of molecular weight 81,000 at 82°. 
The curve shows that there are two viscosity regions in the stress range investigated. At low stresses and velo- 
city gradients the polymer behaves as a viscous Newtonian liquid and the viscosity is almost constant in this 
range. The curves for the recovery after removal of the load show (Fig. 2) that the maximum elastic deforma- 
tion increases with the stress. Consequently, a change of the molecular chain configuration is not accompanied 
by a viscosity increase ; this, in agreement with P. A. Rebinder's views, is probably the consequence of flow of 
the polymer under conditions of equilibrium breakdown and restoration of the bonds, 


Influence of molecular weight. The viscosities of melts of polymer fractions of different molecular 
weight were measured at 82° in the first stress region, in which the flow is Newtonian (Table 1). 
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TABLE 1 


Shear Characteristics of Molten Fractions (t = 82°) 


: Mol. wt. 2 
Fraction No. (n) (osmotic) 1 pvises E,-10-* dynes/cm 
II 2.00 243 000 shal loss of solubility after experiment 
Ill 1.56 202 000 1.38-101 334 
IV 1.24 142 000 1.83-109 125 
¥ 1.00 81 400 4.Q7-10? 25 
VI 0.62 52 000 1.04-10° Low elastic deformation 
Vil 0.32 = 27 000 6.34-104 


TABLE 2 


Effect of Fractional Composition on the Plastico- 
elastic Properties of SKN-26 Rubber 


7 -1079 poises 


from slope| from 


Eyetor8 
dynes/cm? 


Specimen 


TABLE 3 


Shear Characteristics of Raw Loaded Stocks of 
SKN-26 Rubber (M = 51,000) at Constant Stress 
P = 4914 dynes-cm™? 


Composition of 
SKN-26 specimen 


Without filler 


With chalk 0.41 


With lamp black 0.79 


No elastic deformation 


It follows from the data in Table 1 that the vis- 
cosities of Fraction III and Fraction VII differ by seven 
tenth-powers. 


The viscosities of SKN-26 fractions are higher 
than those of butadiene—styrene copolymers of the 
same molecular weights [6]. 


In Fig. 3 the polymer viscosity is plotted against 
the molecular weight in logarithmic coordinates, In 
the molecular— weight range studied (with the excep- 
tion of Fraction VII) this gives a linear plot, represented 
by the equation: 


log n = 8.52 log M— 34.01. 


Comparison of data for SKS-30, SKS-30A [4], and 
SKN-26 for conditions of steady flow shows that the ex- 
ponent of the molecular weight depends on the flexi- 
bility of the polymer chains and the forces of intermole- 
cular interaction. 


Effect of fractional composition. The influence 


of molecular weight distribution on the plasticoelastic 
properties was tested for three specimens with the same 
intrinsic viscosity, 1.24.* Specimen 1 was the unfrac- 
tionated polymer, Specimen 2 was a mixture of Frac- 
tions III, IV, and VI, and Specimen 3 was the fairly 
homogeneous Fraction IV. 


The plasticoelastic properties were investigated 
at the same stress at 82° (Fig. 4). The viscosity was 
determined from the slope of the steady region of the 
deformation curve and from the residual deformation 
after removal of the load, measured after prolonged 
recovery to an equilibrium value (Table 2). 


* For preparation of specimens with intrinsic viscosity 1.24, fractions were mixed in accordance with the prin- 


ciple of additivity of intrinsic viscosities [7]. The 
culated by this rule. 


experimental values of [n ] coincided with the values cal- 
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It follows from the data in Table 2 that the capa- 
city for viscous flow is almost independent of the mole- 
cular weight distribution, and is determined by the in- 
trinsic viscosity. However, polymers of the same in- 
trinsic viscosity and different molecular weight distri - 
bution differ by the magnitude of the deformation under 
constant stress. At similar rates of plastic flow, the most 
polydisperse specimen has the greatest total deformation. 
This is because the modulus decreases with increasing © 
molecular weight heterogeneity, i.e., the more homo- 
geneous polymers with narrow molecular weight distri- 
butions are harder and less workable. 


A dependence of the workability on the molecular 
weight distribution was also observed for polyisoprene 
and polybutadiene polymers obtained by polymeriza- 
tion in solution. It follows that the workability of poly- 


ot 720 160 P10"dynes/cm* mers depends not only on the viscosity, but also on the 
4 distribution of the relaxation times consequent on the 
polydispersity. 
0 0 W020  t60?P10*tynes /em* Effect of loading. The influence of temperature 
on the viscosity of raw loaded stocks was studied. The 
Fig. 1. Effect of shear stress on rate of shear and fillers were introduced on rolls, 10.9 vol. parts per 100 
viscosity in SKN-26 fraction with M = 81,000. vol. parts of rubber being added. Curves for the in- 


crease of shear deformation at constant stress P = 4914 
dynes -cm? (Fig. 5), for SKN-26 fraction of molecular weight 51°10° (this fraction comprised 12% of the weight 
of the original polymer), and for mixtures of this fraction with chalk and lamp black show that introduction of 
fillers not only decreases the rate of irreversible deformation, increasing the viscosity of the mixture, but in- 
creases the elastic deformation (Table 3). 


Displacement, mm 


140 160 TO NIUe 120 


pela 
0 40 G0 7200 160 ©6200 B40 280 LO HO 650 
Time, min, 


Fig. 2, Shear deformations under different stresses for SKN-26 fraction with 
M = 81,000. 
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Fig. 3. Logarithmic plot of viscosity against 
the molecular weight of molten SKN-26 
fractions. 


TABLE 4 


E ffect of Temperature on the Shear Properties of 
Raw Loaded Rubbers at P = 4914 dynes -cm? (SKN 
Fraction with M = 51,000) 


iss] 
Composition of |§ ,y 
SKN-26 speci- | &*° «sec i, 3 
men ‘sg Bp e &. 


Without filler 24 2.69-1074 | 1.84 
40 5.24-1074 | 0.935 
60 1.68-10°3 | 0.290 
82 4.70-20°3 | 0.104 

ith chalk 24 423-1074 |.3,99 
ty zi 40 2.48-10 4 | 1.98 
82 4,92:10°3 | 0.255 

ith 1 24 6.94.10 5 | 7.08 
wie? 40 4.65-40°4 | 2.97 
black 61 | 4.74-4074 | 1,08 
82 4.21-1073 | 0.406 


Thus, the combination of plastic and elastic pro- 
perties of rubber already changes when the rubber is 
mixed with the ingredients. The increase of viscosity 
and high-elastic deformation produced by introduction 
of a filler is more pronounced with the more "active" 
fillers. These results are in full harmony with the re- 
sults obtained by Rebinder et al. [8-10] in studies of 
structure formation in rubber solutions on addition of 
fillers. 


It was desired to determine whether the flow of 
loaded mixtures conforms to the temperature relation- 
ship established by Eyring [11] for polymers. The data 
in Table 4 show that when the temperature is raised 
from 24 to 82°, the viscosity decreases approximately 
17-fold. 


The results show that the presence of carbon black 
or chalk in the polymer does not alter the general charac- 
ter of the viscosity— temperature relationship (Fig. 6). 
The slope of the log n —1/T lines is almost the same for 
SKN-26 rubber and loaded mixtures, indicating that the 
effective activation energy is the same, while the pre- 
exponential factor increases on addition of fillers, as is 
shown by the increase of the intercepts cut off along the 
ordinate axis. This was also found for a polyisobutylene 
fraction with molecular weight 284-10° to which 20 wt, 
parts of lamp black per 100 wt. parts of rubber was added 
(Curves 4 and 5, Fig. 6). Thus it may be concluded that 
at low shear stresses flow in the complex rubber~ filler 
system occurs by displacement of chain segments, as in 


pure polymers. 


The specific influence of the fillers added to the 
rubber may be due to formation of two types of bonds 
during the mixing: weak bonds of the type of van der 
Waals forces between the rubber and filler, which are 
easily broken down and restored during deformation, 
forming a kind of mobile structural network; and rela- 
tively stable bonds formed by interaction of free polymer 
radicals, formed during mastication of the rubber, with 
the filler surface. The formation of such bonds may 
lead to joining of individual molecular chains through 
the filler particles up to formation of a continuous net- 
work, as is the rubber—carbon black complex [12]. This 
effect ultimately results in an increase of the elastic 
deformation of a loaded polymer as compared with the 
polymer in absence of filler. 


The displacement of such an enlarged molecule requires the coordinated displacement of a large number 
of segments, which is one of the causes of the viscosity increase, Another cause is the increased concentration 
of mobile contacts between the chains undergoing displacement. The formation of these types of bonds and 
their relative proportions in a given rubber largely depend on the nature of the filler. The increase of the vis- 
cosity and of the elastic deformation can serve as a quantitative measure of filler activity. 
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Displacement, mm 


Relative deformation 


al 
Q 40 60 1720 160 200 240° 740 1130 1360 
Time, min. 


Fig. 4. Effect of molecular weight distribution on the plasticoelastic 
properties: 1) Specimen 1; 2) Specimen 2; 3) Specimen 3. 


Qa 20 40 60 60 100 120 260 «410 
Time, min. 


Fig. 5. Growth of shear deformation at P = 4.9-10° dynes/cm?, and 
recovery curve after removal of load ( t = 82°); 1) SKN-26 fraction; 
2) the same, with chalk; 3) the same, with lamp black. 


SUMMARY 


1. The viscosities of melts of SKN-26 rubber 
fractions have been determined, The flow law log 
logy ; n = A log M+ B is valid over a wide range of mole- 
cular weights, 


4 
86 2. The influence of fractional composition on 
the plasticoelastic properties of SKN-26 rubber has 
80 7 been studied. For polymers of the same intrinsic vis- 


cosity in benzene solution, the viscous flow of the melts 


: is almost independent of the molecular weight distri - 
3] : bution. The elastic modulus increases with decreasing 
polydispersity. 
G4 . 
3. Experiments with chalk and lamp black showed 
that fillers not only increase the viscosity of the mix- 
56 


000 QU0 QuUg? aansuit tures, but also increase the high-elastic deformation, 


4, The nature of the viscosity—temperature re- 


Fig. 6, Variationoflogn with 1/T: 1) SKN-26 lationship is not changed by introduction of fillers, 

fraction, mol. wt. 51-10°; 2) the same, with This was demonstrated for SKN-26 and polyisobutylene, 

chalk; 3) the same, with lamp black; 4) poly- and confirms that in a complex system, where rubber— 

{isobutylene fraction; 5) the same, with lamp carbon complexes may be formed, flow at low shear 

black. stresses occurs by the mechanism of segment displace- 
ment. 
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EFFECT OF THE COMPOSITION OF RUBBER ON ITS FATIGUE CHARACTERISTICS 


MaMa Regnikovskiil LL. Saabriss, and M. K ek hrom ony 


In solid and pneumatic tires, in various shock absorbers, clutches, and many other articles rubber is sub- 
jected to repeated cyclic stresses, In a number of other articles (gaskets, etc.) the rubber is under continuous 
static load. In all such cases the most important characteristic of the service quality of the rubber is its capa- 
city for prolonged endurance under mechanical stresses. This quality, which may be termed the fatigue en- 
durance (dynamic or static, according to the applied load) or, in the widely used but inaccurate terminology, 
the fatigue strength, has recently attracted the close attention of numerous investigators, The results of a large 
number of investigations in this field are summarized in Dillon's monograph [1], in the review [2] which is 
appended to the Russian translation. 


The present paper deals with a study of the dependence of the endurance of rubbers to dynamic fatigue 
on the principal formulation factors — type of rubber, degree of vulcanization, loading, and softeners. 


Before presentation of the data, let us briefly consider some aspects of terminology and test methods, 


The terminology in this field is often very confused and without adequate basis. For example, different 
authors use the following terms to indicate the number of cycles to cause failure of the rubber; fatigue life, 
endurance, fatigue resistance, and fatigue strength. Similar ambiguities occur in the literature in English, 
where the term “fatigue life” is used to denote both the time and the number of cycles to destruction. Ina 
special article on questions of fatigue tests on rubber [3] we proposed a rational terminology, which is used in 
the present communication. Thus, the number of cycles required to cause failure of the rubber under given 
dynamic load conditions is denoted by the term fatigue life; the amplitude of the stress causing destruction 
of the material after a definite number of cycles (corresponding to the given fatigue life) is termed the fatigue 
stress or fatigue tensile strength. The following terms are introduced for the amplitude of deformation and the 
energy of the cycle corresponding to a definite fatigue life; fatigue deformation, and fatigue energy. 


The fact that fatigue tests on rubber are usually performed at fairly large deformations determines a 
number of specific features of such tests, as compared with corresponding tests on other materials such as 
metals, The principal experimental difficulties which arise in fatigue tests on rubber are discussed in our ear- 
lier papers [3]; it is shown there that the complications due torelaxation effects, which distort the dynamic 
conditions, are best overcome by the use of symmetrical alternating stress cycles. It is also shown that the 
thermal state of the specimens used for dynamic fatigue testing must be taken into consideration. For com- 
parative tests at the same temperature, differences in the hysteresis properties of the specimens must be com- 
pensated by variations of the conditions of heat exchange with the surroundings. 


The results given below were obtained under conditions of symmetrical alternating load with a pre- 
determined deformation. These conditions are achieved by rotation of bent specimens, with a cylindrical 
working portion 8 mm in diameter and 23.5 mm long. The deformation amplitude was varied from 14 to 
33%. 


The testing frequency was 3000 r.p.m. (50 cycles/second). A test frame was made, consisting of six 
temperature -controlled sections; four specimens were tested simultaneously in each under the same conditions 
[3]. The thermostat temperature was chosen so as to ensure an equal temperature in the specimens (120 or 100°) 
irrespective of the test conditions and the elastic and hysteresis properties. The test temperature was taken to 
be the surface temperature of the specimens measured by means of a contact thermocouple of special design 
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when the machine was stopped. This seems to us to be a more correct method than the measurement of tem- 
perature in the center of the specimen which is recommended in such tests [4], as failure of the specimen gen- 


erally begins at the surface. 


N\ 


econ 


Qt a2 ase = 7 é 5 10 2 
Fatigue life, 10° cycles 


Fig. 1. Variation of fatigue deformation with 
fatigue life in alternating bend tests; 1) NR 
(natural rubber) without filler; 2) NR+ 40 wt. 
parts channel black; 3) SKB without filler; 4) 
SKB + 40 wt. parts channel black; 5) SKS-30 
without filler; 6) SKS-30+ 40 wt. parts chan- 
nel black. Test frequency 3000 cycles/minute; 
T = 120°. Dynamic moduli E of the rubbers; 

1) 19.3; 2) 23.6; 3) 14.7; 4) 22.7; 5) 16.6; 

6) 31.4 kg/cm. 


The dynamic properties of the rubbers were tested 
on the same specimens and under the same load condi- 
tions in a special instrument. A brief description of the 
frame for fatigue testing and the instrument for deter- 
mination of the dynamic properties was given earlier 
[3, 5]. 


Influence of the type of rubber. Figure 1 shows 
the variations of the fatigue deformation eg with fatigue 
life for unfilled vulcanizates of NR, SKB, and SKS-30 
and vulcanizates of the same rubbers, containing 40 wt. 
parts of channel black per 100 wt. parts of rubber. These 
results were used to plot the fatigue stress fg, and the 
fatigue energy Wop against the fatigue life, in Figs. 2. 
The latter values were calculated from the formulas 


ef 
2 e 


bam Fey ¢; Wot =f 


Examination of the data in Figs. 1 and 2, b re- 
veals the following two facts: 


2 
at 02 BS totrt 2 5 
Fatigue life, 10° cycles 


Qi 02 OS 1 2 5 WO. 2a 
Fatigue life, 10° cycles 


Fig. 2, Variations of fatigue stress (a) and of fatigue energy Wop in joules/cm 
(b) with the fatigue life in alternating bend tests:1) NR without filler; 2) NR 

+ 40 wt. parts channel black; 3) SKB without filler; 4) SKB + 40 wt. parts chan- 
nel black; 5) SKS-30 without filler; 6) SKS-30+ 40 wt. parts channel black. 
Test frequency 3000 cycles/minute; T = 120. 


1. The sequence of the rubbers in order of increasing fatigue life varies considerably under different 
test conditions, For example, under constant deformation conditions unfilled SKB and SKS-30 vulcanizates 
have greater fatigue life than the corresponding vulcanizates with carbon black, whereas the reverse is true 
in constant load tests. These results once again demonstrate the significance of selection of conditions for com- 


parative tests in relation to the use conditions. 
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2. It follows from these results that loading with channel black, which usually increases the strength 
characteristics of rubbers (tensile, tearing, and abrasion strengths, etc.), has relatively little effect on the 
fatigue properties — it decreases the fatigue deformation and raises the fatigue stress somewhat. Hence it 
may be concluded that the fatigue properties of rubbers are largely determined by the type of rubber. In 
experiments performed jointly with Z. N. Tarasova we found that the type of the vulcanizing group also has 
considerably less influence than the nature of the rubber polymer. Curves of the type given in Figs. 1 and 2, 
obtained for rubbers with different vulcanization accelerators, fall distinctly into separate groups, correspond- 
ing to different types of rubber. We also investigated a large number of tire rubbers, which gave the same 
result. 


Therefore, in alternating-load tests at the same temperatures, the fatigue properties are primarily 
determined by the nature of the rubber. The following sequence (in order of decreasing fatigue life) is found 
in all cases; vulcanizates based on polybutadiene (SKB), polyisoprene (NR), and butadiene —styrene (SKS-30) 
rubbers. This result seems unexpected at first sight. The opinion has long been firmly established that NR 
vulcanizates are considerably superior in fatigue resistance to SKB. This view is supported by the results of 
laboratory tests and performance characteristics of certain articles, including automobile tires. It is therefore 
necessary to find why the present tests gave the reverse result. It must first be remembered that laboratory 
tests are generally performed with the use of repeated stresses of the same sign (either extension or compres- 
sion), with spontaneous heating of the specimens. Both conditions are more advantageous to natural rubber. 
With increase of the static component of the load, the fatigue life is increasingly determined by the strength 
characteristics of the rubber [2], and these are considerably higher for natural rubber. On the other hand, the 
relatively low internal friction of NR vulcanizates results in more favorable test conditions. To demonstrate 
this, we carried out comparative tests on NR and SKB vulcanizates with carbon black, in conditions of sym- 
metrical loading and varying asymmetry of the cycle. 


The tests were performed with the MRS-2 machine of the "Metallist" factory, on massive specimens 
with cylindrical working portions; the thickened ends were fixed in special clamps in such a way that the 
specimens could be tested in conditions either of symmetrical or asymmetrical loading. 


The tests were performed at 500 cycles/minute with spontaneous heating of the specimens, at a con- 
stant deformation amplitude. Figure 3 shows the variations of the fatigue life of NR and SKB vulcanizates 
with the degree of asymmetry, determined by the value of the mean deformation of the cycle. The rela- 
tionships are different for the two rubbers. Whereas the fatigue life of SKB decreases steadily with increase 
of the static component of the deformation, the fatigue life of vulcanizates based on natural rubber has a 
minimum when the mean deformation of the cycle is close to zero. This fact has already been reported in 
the literature [6* ]; itis difficult to interpret it conclusively on the basis of the specific properties of natural 
rubber, It may be said, however, that this type of relationship between the fatigue life and the static com- 
ponent of the deformation can hardly be associated wtih crystallization, as the latter apparently does not 
occur at the temperatures and deformations used. 


From the differences between the strength characteristics of NR and SKB vulcanizates it might have 
been expected that increase of the static component of the deformation should lead to a slower decrease of 
the fatigue life of NR vulcanizates. It is found, however, that fatigue life of the latter even increases, giving 
rise to a very considerable superiority in the fatigue properties of natural rubber vulcanizates in tests under 
repeated extension, 


The data in Fig. 3 also show that even under conditions of symmetrical alternating load, with spontan- 
eous heating of the specimens, the fatigue life of natural rubber vulcanizates is somewhat higher. 


This reveals a second reason for the difference between the generally accepted views on the fatigue pro- 
perties of rubbers and the result obtained in the present investigation, The data show that comparisons of the 
fatigue properties of vulcanizates based on polyisoprene (NR) and polybutadiene (SKB) rubbers determined 
under different test conditions may give directly opposite results. In general, the test conditions should be 
chosen in relation to the operating conditions of the rubbers in articles for which they are intended. In rela- 
tion to tire rubbers, including breaker rubbers, it must be pointed out that the apparently better agreement 
between the service behavior and the results obtained in tests with asymmetric loading cycles does not justify 
the choice of the latter procedure for laboratory tests, Moreover, existing data indicate that a symmetrical 

_cycle is closer than deformation of constant sign to the operating conditions [3]. 
* As in original — Publisher's note, 
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In the choice of a rational method for comparative fatigue tests on tire rubbers it must be remembered 
that apart from fatigue failure, articles may become unserviceable through a number of other causes. It is 
probably also significant that, in articles in which the rubber is used under conditions close to a symmetrical 
cycle, the periodic though irregular action of large asymmetric loads (for example, when a tire rides over 
an obstacle) is not excluded; this undoubtedly would effect butadiene rubber vulcanizates more adversely. 


Without further discussion of this question, we now consider certain other factors which place natural 
rubber vulcanizates in more favorable conditions in the utilization of a number of articles. In laminated 
and solid articles the highest temperature develops in the central layers, which are almost completely iso- 
lated from access to oxygen, If fatigue failure occurs in these layers, the tests should be performed in an 
inert atmosphere, for correct labaratory evaluation of the fatigue properties, Further, it is inevitable in the 
construction of a complex laminated article (such as a tire) that a number of defects arise within it, and these 
may act as sites of failure, Therefore it is perhaps desirable to test, together with intact specimens, specimens 
which have previously been damaged. 


The influence of these factors on the fatigue life 
of NR and SKB vulcanizates is illustrated in the Table. 


The data in the Table were obtained in alter- 
nating bend tests with spontaneous heating of the speci- 
mens. 


It is seen that the fatigue life of SKB vulcaniza- 
tes is influenced more strongly by nicking of the speci- 
mens. On the other hand, tests in a nitrogen atmos- 
phere on natural rubber vulcanizates give fatigue life 
values five times as large as those obtained in air, 
whereas the medium has little influence on the fatigue 
life of SKB vulcanizates. 


Influence of the degree of vulcanization, Rub- 


bers of the following composition were used for study- 
ing the effect of the degree of vulcanization; (SKS-30A, 
heat-softened ) 100 wt. parts, sulfur 1.0-12.0 wt. parts; 
Sulfenamide BT 1.0 wt. part; stearic acid 2.0 wt. parts; 

sg s i ae zinc oxide 5,0 wt. parts. The following characteristics 
Maat cofsmationses-ayaleg fp of the fatigue properties were determined; fatigue 
strength, fatigue deformation, fatigue energy corres- 
ponding to a fatigue life of 10° cycles. 


Fatigue life, 10 cycles 


Fig. 3. Variation of fatigue life with the static 
component of deformation; 1) NR+ 40 wt. parts 


channel black; 2) SKB + 40 wt. parts channel For determination of these values, the tests were 
black. Test conditions; deformation amplitude carried out at two deformation amplitudes, at which 
30%; frequency 500 cycles/minute; T = 100° the fatigue life was somewhat greater and less than 
for 1 and 115° for 2. 10° cycles. Then, by interpolation in semilogarithmic 


coordinates (in which the curves become almost linear; 
see Figs. 1 and 3), the fatigue deformation corresponding to a fatigue life of 10° cycles was determined, and 
then used for calculations of for and Wop. 


The fatigue characteristics and dynamic properties of the rubbers were determined at 100°, 


The effect of total sulfur content on € gp, for, and Wop is shown graphically in Fig. 4, The fatigue de- 
formation shows a sharp maximum at 1.8% sulfur content, which corresponds to the amounts used in industrial 
practice. The fatigue strength increases steadily with the sulfur content, while the fatigue energy increases 
rapidly up to 3% sulfur and then changes little, Only a few samples, not differing very greatly in their sulfur 
contents, were used in the studies of the variations of the fatigue characteristics with the fatigue life. The 
nature of these relationships remained constant within the limits studied, 


Influence of loading. The influence of loading on the fatigue properties was studied on SKS-30 vulcani- 
zates containing 0; 2; 5; 10; 15; 20; 30; 40; 60; 80 and 100 wt. parts of filler per 100 wt. parts of rubber. 
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Channel black was used as the active filler, and lamp black as a less active filler. The stocks had the follow- 
ing composition (in wt. parts); rubber 100, sulfur 2.5, Captax 1.5, stearic acid 2.5, zinc oxide 5.0, carbon black 


0-100. 


The fatigue and dynamic properties were determined at 100°. The effects of the carbon content on the 
fatigue characteristics corresponding to a fatigue life of 10° cycles are given in Fig. 5. For both series of vul- 
canizates the fatigue stress increases steadily with the carbon black content. From this and the preceding re- 
sults the general conclusion can be drawn that, for rubbers subjected to stress at constant amplitude, any in- 
crease of hardness owing to vulcanization or filler content has a favorable influence on the fatigue life. 


For vulcanizates with channel black the fatigue deformation has a maximum at 15 wt. parts. Because 
of the scattering of the experimental points for vulcanizates with lamp black, it is not possible to say with 
certainty whether such a maximum is absent or whether it corresponds to very low carbon contents. In any 
event, the fatigue deformation decreases with increase of the carbon content over most of the range studied, 


Fatigue Life of Vulcanizates with Carbon Black in Alternating Bend Tests 


Deforma- |Tempera- Fatigue life, 10° cycles 


b tion ampli - ture, °C in air in nitrogen 
eet | tude, specimen [specimen with | .,ecimen without 
without 0.3 mm nick i 
nick nick 
NR 26,5 100 780 300 3600 
SKB i 26,5 115 600 410 780 


The fatigue energy of the cycle increases with the carbon black content in vulcanizates with channel 
black, but changes little with the lamp black content. Investigations of the relationships between the fatigue 
characteristics and the fatigue life of vulcanizates containing 10, 20 and 40 parts of channel black by weight 
showed that these relationships were of almost the same character in all cases, 


The different effects of loading on the fatigue properties of vucanizates made from different rubbers 
must be noted. This was already demonstrated by the data in Figs. 1 and 2. Whereas the fatigue stress of 
SKS-30 vulcanizates increases with loading, it remains almost unchanged in SKB, and even decreases in NR. 
Therefore the relationships in Fig. 5 cannot be regarded as illustrating the influence of loading on the fatigue 
properties of vulcanizates based on every kind of rubber. 


Wof 


Sulfur content wt. parts per 100 wt. parts rubber 
Fig. 4. Fatigue characteristics corresponding to a fatigue life of 10° cycles 


for unfilled SKS-30A vulcanizates with different amounts of sulfur. Test 
conditions; frequency 3000 cycles /minute; T = 100°. 
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20 40 60 00 100 
Wt. parts channel black/100 g rubber Wt. parts channel black/100 @-rttbbcr 


Fig. 5. Fatigue characteristics Wop, joules/cc, corresponding to a fatigue 
life of 10° cycles for vulcanizates with differing contents of channel black 
(a) and lamp black (b); test conditions; frequency 3000 cycles/minute, 

T = 100°. 


Effect of softening. The influence of the degree of softening on fatigue properties was studied on SKS-30A 
vulcanizates containing different amounts of vaseline oil. The results show that all the fatigue characteristics 
pass through a maximum corresponding to 20 wt. parts of softener. However, this effect requires further in- 
vestigation, since the decrease of the fatigue characteristics may have been caused by defects (internal pores) 
present in many specimens with high softener contents. 


This investigation is apparently the first study of the influence of the principal formulation factors on the 
fatigue properties of vulcanizates, determined under symmetrical alternating load (which eliminates the in- 
fluence of relaxation effects from the results) at a constant test temperature. 


Such results as the superiority of SKB over NR vulcanizates in fatigue properties, and the negative in- 
fluence of active fillers on the fatigue stress of NR rubber vulcanizates (all these, of course, in the test condi- 
tions used) are of undoubted interest, and therefore require further study and discussion. 


The results obtained in this investigation may serve to illustrate the relationship between the fatigue of 
rubber and certain other properties, which are simpler and therefore better understood, 
SUMMARY 


1. The fatigue properties ofrubbers under conditions of symmetrical alternating stress have been studied 
in relation to the principal formulation factors; type of rubber, total sulfur content, amount and type of filler, 
and softener content, 


2. In the test conditions studied, the type of rubber has a significant influence an the fatigue properties, 
SKB vulcanizates being superior to others (NR and SKS~30) in fatigue resistance. 


3. The causes of the loss of the advantages, found in these tests for SKB vulcanizates, under other test 
conditions and in service are briefly analyzed. 


The authors express their gratitude to Prof. B. A. Dogadkin for his interest in the work and for participa- 
tion in discussion of the results, 
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THE EFFECT OF THE REGULARITY OF STRUCTURE OF TRIACETYLCELLULOSE 
ON ITS SOLUBILITY AND THE PROPERTIES OF ITS SOLUTIONS* 


Z. A. Rogovin and D. L. Mirlas 


Regularity of the structure of the macromolecules of a polymer is one of the principal factors determin- 
ing the intensity of intermolecular interaction, and thereby a number of very important properties of the poly- 
mer, including the solubility, heat resistance, strength, etc, For example, disturbance of the regular structure 
of polyamide molecules by synthesis of a copolymer of caprolactam and "AG salt" (adipic acid and hexa- 
methylenediamine) yields a polyamide which, in contrast to polyamides of the same molecular weight but of 
regular structure (Capron, Anid, Enant), is soluble in ethyl and methyl alcohols containing small amounts (5- 
10%) of water [1]. Nonpolar polymers of strictly linear structure, without side branches in the macromolecule 
(stereoregular or isotactic polymers) have much improved properties (polyethylene, polypropylene), with con- 
siderably extended fields of application. Disturbance of the structural regularity of polymer macromolecules 
has a similar effect of increasing the solubility in the case of cellulose derivatives. For example, hydroxy- 
ethylcellulose of low degree of substitution, containing the same numbers of the same functional groups in the 
monomer unit as cellulose, is soluble in dilute NaOH solution and even in water [2]. It is known that cellu- 
lose samples of low molecular weight, even with degree of polymerization (DP) 10-20, are insoluble in water. 
The products of complete acetylation of hydrox yethylcellulose, in contrast to triacetylcellulose, are soluble 
in acetone [2]. Evidently the anomalous solubility of polymers, including cellulose derivatives, and the forma- 
tion of strongly structurized solutions which is encountered in industrial conversion of such polymers, can be 
attributed to variations of the regular structure of the macromolecule (presence or absence of side chains) dur- 
ing synthesis of the polymers or substitution (etherification or esterification) of functional groups in native 
polymers, 

The influence of this factor also probably accounts for the fact, long known to technologists, of the rapid 
gelation of triacetylcellulose solutions obtained by acetylation of cellulose in a homogeneous medium in pre- 
sence of HClO, catalyst in the acetylation mixture (mixture of acetic anhydride and acetic acid). This process 
greatly hinders the production of highly stable cellulose triacetates by homogeneous acetylation in a mixture 
containing acetic acid as solvent. Earlier investigations [3] revealed a number of facts in relation to this in- 
teresting effect. It was shown that gelation of triacetylcellulose solutions in the acetylation mixture does not 
occur in two cases: 


1. If the acetic acid in the acetylation mixture is totally or partially replaced by other solvents, such 
as chlorinated hydrocarbons (dichloroethane, methylene chloride), 


2. If relatively large amounts (10-15% on the weight of the cellulose) of sulfuric acid are used as acetyla- 
tion catalyst in place of perchloric acid. However, the mechanism of this process was not elucidated. The 
results of our study of this theoretically interesting and practically important question are briefly presented in 


this paper, 

The starting material for acetylation was boiled and bleached cotton cellulose, containing 99.7% a-cellu- 
lose. It was activated by treatment with 98% acetic acid (1:1 ratio of cellulose to acetic acid) for 2 hours at 
45-50°. The acetylation mixture contained 400% of acetic anhydride and 600% of acetic acid on the weight 
of the cellulose. 

‘* Communication 70 in the series on the structure and properties of cellulose and its derivatives. 
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The experiments confirmed that when cellulose is esterified by this acetylation mixture in presence of 
HC10,, H,PO,, or other catalysts which do not react with cellulose under the acetylation conditions used, the 
acetylcellulose solution congeals either during the esterification process itself or, with triacetylcelluloses of 
lower molecular weight, a definite time after completion of the esterification. Gelation is most rapid if the 
acetylation is carried out in presence of HC1O4. Some experimental results in illustration of this are given in 
Table 1. 


TABLE 1 
Acetylation of Cellulose in Acetic Acid in Presence of HC104 or HPO, as Catalyst 


roperties of triacetylcellulose 


Bede |e g 2 a. 
qao6 las bound acid content, > Gelation time, 
2 =o |a 3 % vo « 
Catalyst Sg |so0 Pa 5 hours 
ay » Deo er a sre | 
38S [9g acetic mineral 3 Bes 
25S Ic 8 12858 
HC10, 4,5 55 62.5 ae 0.28 | Immediately after 
HClO, 10 60 71* — 0.05 end of acetylation 
HsPO,4 20 75—80 60.9 0.14 | 0.27 80** 
HsPOg 20 80—90 63.2 0.14 0.27 110 


*The high content of bound acetic acid is attributable to the acetolysis which occurs 
during esterification in presence of large amounts of HC1O,. 

** The probable reason for the slower gelation of triacetylcellulose made in presence 
of H,PO, is that under such conditions a small amount of phosphoric acid enters the 
cellulose ester in the form of phosphate esters (1-2 groups per 100 monomer units of 
the macromolecule), 


It must be pointed out that the gelation rate depends, for given process conditions, on the concentration 
of cellulose in the liquor, i.e., on the liquor ratio. The lower the triacetylcellulose concentration in solution, 
the less likelihood is there of aggregation of the ester macromolecules, and the slower is the gelation. For 
example, at 1:10 liquor ratio, when a 16-17% solution of triacetylcellulose is obtained at the end of the 
acetylation in presence of HC10,, gelation of the solution occurs not later than 1-2 hours after the end of 
acetylation; whereas if the liquor ratio is altered to 1; 20 the gelation rate is slowed down considerably, and 
at 1:35 liquor ratio, when the acetylcellulose concentration in the acetylation mixture is reduced to 5%, 
gelation of the dope does not occur even after a long time. If cellulose is acetylated in presence of sulfuric 


acid (10-20% on the weight of the cellulose), gelation of the triacetylcellulose in the acetylation mixture does 
not occur (see Table 2). 


It follows from the data in Table 2 that the composition of the triacetylcellulose gradually changes with 
increasing keeping-time of the mixture (after formation of the solution) of triacetylcellulose in the acetylation 
liquor, with saponification of the sulfate groups in the cellulose sulfate—acetates formed in the initial stage of 
the acetylation, and their gradual replacement by acetyl residues (reesterification), This change in the com- 
position of the cellulose sulfate—acetate, also demonstrated in earlier investigations [4], increases the struc- 
tural regularity of the triacetylcellulose macromolecules (by increasing the content of one type of functional 
group in the cellulose ester macromolecules) and thereby alters its solubility. 


Trlacetylcellulose which does notcontain any appreciable amounts of acid radicals other than acetyl, 
does not dissolve completely at 20° in 98-100% acetic acid (the solubility of tiacetylcellulose is still lower 
in less concentrated acetic acid). This accounts for the rapid gelation of acetylation mixtures containing 
triacetylcellulose obtained in presence of catalysts which do not react with the OH groups of the cellulose, or 
in presence of relatively small amounts of catalysts which form the corresponding esters with cellulose, 
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TABLE 2 


Acetylation of Cellulose in Acetic Acid in Presence of HgSO, as Catalyst 


; | % Solubilit 
a o y 
5 8 2 Properties of triacetylcellulose Value of y for of product 
26 [3 & —_——_— 
Ee a ae % of bound acids specific = v 
& 919 4-8 viscosity of % eo Bs 
o 3 8 o 8a 0.25% solution |>. 2 | 8% 4, | on | 20 yom 
67 slebS as |S¢3 ae | a6 
ola Hos ———- (Ss) fe} 5] 4 
2s Bas & H,80, | CH,COOH bp | > be Sa |s ES 
As 0,5 0.48 61.3 0.37 291 dbs fal eto 41.7) — 

1 14 0.42 62.0 0.40 296 0.3} 4 26). — 
20 0,5 7.6 53.0 |Incompletely | 252 | 22 26 | 99.0 | 24.8 
soluble 
20 72 0.62 61.4 0.43 292 AACE 6p) (802 O71 99RS 
20 | 4 | 6.7 Sou? | 0.42, Zila N20) 8 99.6 — 
20 41 0.2 61.6 0.26 294 0.95 9,0 | 85.7 — 


* With this small amount of catalyst, the triacetylcellulose solution gelates within 
1-2 hours in the acetylation mixture. Gelation does not occur with 20% H»SO,4. 


Therefore the solubility of triacetylcellulose in the acetylation mixture (acetic acid with a small amount of 
acetic anhydride) decreases during prolonged ripening of the mixture after the end of acetylation, when the 
reesterification process is completed and the regularity of the macromolecular structure of triacetylcellulose 
is increased; this may result in gelation of triacetylcellulose solutions obtained in esterification in presence 
of small amounts of HgSO,. 


The solubility of triacetylcellulose in acetic acid can be raised by a considerably decrease of the mole- 
cular weight of the cellulose ester, by formation of a mixed ester, such as cellulose sulfate—acetate. 


It follows from the data in Table 3 that the presence of over 2% of bound H2SO, (i.e., more than 6 sul- 
fate groups per 100 glucose residues) in a mixed cellulose ester of this type sharply increases the solubility of 
triacetylcellulose in 99.9% acetic acid. 


Table 3 shows that triacetylcellulose of regular structure, free from appreciable amounts of other func- 
tional groups, is completelysoluble in acetic acid only at DP 40-45. Esters ofsuch low molecular weight are clearly 
of no practical interest. In products of higher molecular weight, a considerable increase of solubility in acetic 
acid can be produced, and the risk of gelation of the triacetylcellulose in the acetylation mixture thereby pre- 
vented, only by a disturbance of the regularity of molecular structure; as already stated, this can be achieved 
by the formation of cellulose sulfate—acetates. However, this is not the only possible method for increasing 
the solubility of triacetylcellulose in acetic acid, and hence retarding or completely preventing gelation of the 
mixture. If our hypothesis is true that the fundamental method for preventing gelation of triacetylcellulose in 
the acetylation mixture is by disturbance of the regularity of its structure by way of formation of mixed cellu- 
lose esters, then there may be other ways of solving the problem. 


1. By formation of cellulose nitrate—acetates by the use of binary catalyst mixtures, such as HClO, and 
HNOs, in the acetylation process. Nitric acid is not an effective catalyst for the acetylation of cellulose but, 
like sulfuric acid, it esterfies cellulose. Therefore the use of this catalyst mixture should yield a mixed ester, 
cellulose nitrate—acetate which, like the sulfate—acetate, contains a small number of other acid residues in 


addition to acetyl. 
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TABLE 3 


Effect of Degree of Polymerization and Sulfate Group 
Content in Macromolecules of Cellulose Sulfate - 
Acetate on its Solubility in Acetic Acid 


Solubility 
in acetic 
acid, % 


Specific viscosity} DP of |Bound HgSO, 
of 0.25% sol. in % on wt. of 

methylene chlo- cellulose 
tride—alcohol ester 
mixture (85; 15) 


2. By the use of a low-substituted cellulose 
ether, such as hydroxyethylcellulose, for esterifica- 
tion. Acetylation of this ether, even in presence of 
HC10,, gives a mixed cellulose derivative of irre- 
gular structure, hydrox yethylcellulose acetate, which 
should also form stable, nongelating solutions in the 
acetylation mixture. 


These views were confirmed experimentally. 
If 4-12% HNO, and 1.5% HC10, (on the weight of the 
cellulose) are added to the acetylation mixture of 
the composition given above, the product consists 
of triacetylcellulose containing 0.25-1% nitrogen, 
which corresponds to 5-20 nitrate groups per 100 
glucose residues in the cellulose nitrate acetate 
molecule. Solutions of this cellulose ester do not 
gelate for 15 days, whereas if HC1O, (without added 
HNO, ) alone is used in acetylation under the same 
conditions, the mixture gelates within 1-2 days after 
the end of acetylation. 


When hydrox yethylcellulose of degree of sub- 
stitution (y ) 36 is acetylated in presence of HClO, 
catalyst, a sirup is formed within 5-10 minutes, 
which does not gelate when kept for several weeks. 


If cellulose rather than hydrox yethylcellulose is used, the formation of a fully substituted ester in acetylation 
under the same conditions takes 3-5 hours. The triacetate formed is completely soluble in acetic acid, methyl- 
ene chloride, and acetone, These results clearly demonstrate the influence of a disturbance in the regularity 
of macromolecular structure, and a corresponding decrease in the intensity of intermolecular interaction, both 
on the solubility of the cellulose ester and on the rate of esterification of the cellulose. 


In contrast to triacetylcellulose, partially saponified cellulose acetate with y = 230-260 (secondary 
acetate) is completely soluble in acetic acid. Therefore a solution of secondary cellulose acetate in acetic 
acid (not only in 99.9% acid, but even in 80-85% solution) is quite stable and does not gelate after prolonged 
keeping. The partial saponification of triacetylcellulose which occurs in the production of secondary acetate 
is also essentially a disturbance of the regular structure of the polymer, by the introduction of a small number 
of other functional groups (hydroxyls) into the triacetylcellulose macromolecule. 


If the regularity of the acetylcellulose structure is improved by acetylation of the free OH groups in 
secondary cellulose acetate, soluble in acetic acid, in presence of HC1O,, it is to be expected that the solution 
of triacetylcellulose in acetic acid so obtained should gelate rapidly. This was confirmed experimentally. 
Additional acetylation of secondary acetylcellulose with y = 240 dissolved in acetic acid, in presence of 
various catalysts which do not react with free OH groups (HC1O4, HC1, H3PO4), 0.02-1.2% of catalyst on the 
weight of solution being used, gives a solution of triacetylcellulose in the acetylation mixture, which gelates 
after some time (0,.2-6 days). The solution failed to gelate after additional acetylation only when not less 
than 1% HpSO, (on the weight of the acetylcellulose) was used as catalyst. 


SUMMARY 


1. The gelation of solutions of triacetylcellulose in acetylation mixture (acetic acid and acetic anhy- 


dride) was studied. 


2. The principal factor preventing gelation is decrease of the interaction between the triacetylcellulose 
macromolecules, achieved by a disturbance of the regularity of macromolecular structure, 


3. For prevention of gelation of triacetylcellulose in the acetylation mixture, various methods for re- 
ducing the regularity of the macromolecular structure are proposed, involving the formation of mixed cellulose 
esters containing, in addition to combined acetic acid, small number of other acyl or alkyl groups, 
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STRUCTURE STUDIES IN CARBON-BLACK SUSPENSIONS 


3. THE EFFECT OF POLYMER ADDITIONS TO CONCENTRATED CARBON BLACK SUSPENSIONS IN 
A HYDROCARBON MEDIUM 


Wu Shu-Ch'iu (U Shu-Tsiu)** B. la. Iampol'skii and S. S. Voiuitskii 


It is known that carbon black acts as an active filler in rubber stocks and reinforces the mechanical pro- 
perties of the rubber. Rebinder and his associates showed that the introduction of relatively small amount of 
carbon black, corresponding to a small fraction of the volume of the system, results in the formation of a space 
structure, characterized by structural viscosity and a Bingham yield value. This structure is apparently a spatial 
network formed by the rubber macromolecules linked by adsorption with the carbon-black particles at the junc- 
tions of the network, the carbon particles acting as nuclei for the development of this network [1]. 


In an earlier investigation, we used suspensions of carbon black in a hydrocarbon medium as models of 
rubber stocks for studies of structure formation [2].. Dogadkin and others studied structure formation directly in 
rubber stocks [3-6]. 


Both in loaded rubber stocks and in model systems — suspensions of carbon black in rubber solutions — the 
process of structure formation is largely determined by the nature of the interaction between the carbon-black 
particles and the polymer macromolecules. However, much still remains obscure in this problem. The ad- 
sorption of rubber on filler particles has not been studied sufficiently [7-12]. 


The purpose of the present investigation was to determine how the addition of a small amount of polymer 
influences structure formation of carbon black in a hydrocarbon medium.* 


The mechanical properties of the system were determined in the Shvedov apparatus, with parallel deter- 
minations of electrical conductivity [13, 14]. The suspensions were made from lamp black from the Kudinovo 
works, in pure xylene, containing up to 18% solid phase (by weight). 


The added polymers were natural rubber (smoked sheet) of average molecular weight ~200,000, and two 
samples of polyisobutylene, of molecular weights 70,000 and 200,000, The suspensions were made by the stan- 
dard method [2], by grinding in a mortar with a pestle for 5 minutes; this gave good reproducibility, 


The conductivity of the systems was measured at 1 v with direct current, The suspensions were first left 
at rest for 30 minutes, to give the additives time to interact with the carbon surface. The conductivity of 
suspensions in pure xylene and in polyisobutylene solutions became constant in a few minutes. In suspensions 
containing natural rubber, the conductivity varied at the start of the experiments for 5-8 minutes, and then 
remained almost constant. The conductivities after 30 minutes were used in our determinations. This time 
was evidently enough for equilibrium to be established in the systems with additives. 


The logarithm of the conductivity (A) is plotted against the concentration (c) of the carbon-black filler 
in Fig. 1. The conductivity increases with the carbon-black concentrations, as in the suspensions in petroleum 
jelly studied earlier [2]. Figure 1 shows that structure formation begins at considerably higher carbon-black 
concentrations in suspensions containing 1% of natural rubber, In systems with added polyisobutylene, and in 
pure xylene, structure formation begins at a lower content of the solid phase, The log conductivity—concen- 
tration curves for suspensions in pure xylene and in suspensions with added polyisobutylene coincide; therefore 
polyisobutylene has no appreciable influence on structure formation in carbon black suspended in xylene, 
*MGU student A. A, Sokolova took part in the work. 

* * Transliteration of Russian — Publisher's note, 
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The effect of the amount of polymer added on 
the conductivity is shown in the graphs in Fig. 2, The 
carbon-black concentration used was 18%, as this is 
the minimum concentration required for the formation 
of a structure which can be detected by conductivity 
measurements in systems with added natural rubber. 

It is seen in Fig. 2 that additions of even small amounts 
of natural rubber sharply lower the conductivity of the 
suspension, whereas additions of the same amounts of 
polyisobutylene have no appreciable effect on the 
conductivity. The explanation for the decrease of con- 
ductivity is that the rubber molecules are adsorbed on 
the carbon-black particles, and therefore the surface 


§ 10 15 20 6,% carbon 


black of the carbon black becomes more lyophilic with re- 
spect to the medium; introduction of an active additive 
Fig. 1. Variation of conductivity of carbon-black (natural rubber) increases the solvation of the carbon- 
suspensions in xylene with the carbon-black con- black particles, the layers of medium between them 
centration: 1) with addition of 1% natural rubber; become thicker, and the conductivity of the suspension 
2) with 1% polyisobutylene (molecular weight therefore decreases. No adsorption takes place in the 
70,000 and 200,000) and in pure xylene without case of polyisobutylene, and therefore the conductivity 
additives, of the suspension does not change on addition of this 


inactive nonadsorbing polymer. 


The mechanical properties were determined in a Shvedov apparatus [13] with two coaxial cylinders. The 
system to be studied was placed in the annular space between the cylinders, To prevent slippage, riffled cylin- 
ders of stainless steel, with sharp vertical grooves 0.75 mm deep and 1.5 mm apart, were used. The inner 
cylinder was suspended from a tungsten wire fixed to a torsion head. When the torsion head is turned through 
a definite angle, the concentric layers of the system surrounding the cylinder undergo shearing deformation. 
The relative shear deformation of the system (€ ) was found by summation of the deformations in the annular 


gap [14] 


Besse 20 
5B ri (1 prt —t/R?)? 


where w is the angle of rotation of the lower end of the wire; r is the radius of the inner cylinder; R is the radius 
of the outer cylinder. 


In measurements of the shear stress, the head of 
the instrument was turned at a constant velocity by 
means of a Warren motor; this resulted in uniform load- 
ing of the system at a low rate, giving more accurate 
and reproducible results. To prevent evaporation of the 
dispersion medium, the instrument was placed in a glass 
box which was saturated inside with xylene vapor. The 
yield value was first estimated from the sharp displace- 
ment of the light spot on the instrument scale and then, 
more accurately, by a graphical method, from the curves 


0 as 10 th 20 for the deformation rate de/dr against the shear stress. 
6, % tdditive 


lega 2 


It follows from Fig. 3 that the formation and rein- 
forcement of the structure occur at higher carbon-black 
concentrations in systems with natural rubber than in 
systems with polyisobutylene or in suspensions without 
additives. This corresponds to a certain critical value 
of the volume filling, which depends on the 


Fig. 2, Variation of conductivity of 18% carbon- 
black suspension in xylene with concentration of 
additives; 1) with natural rubber; 2) suspensions 
with polyisobutylene (molecular weight 70,000 
and 200,000) and without additives. 
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activity of the additive present in the system. It is in- 
teresting to note that the curves for systems with poly- 
isobutylene and without additive coincide. 


The effects of different concentrations of addi- 
tives on the value of P;y of suspensions with the same 
carbon-black content (18%) were then studied. The 
results are plotted in Fig. 4. 


It follows from Fig. 4 that addition of a small 
amount of polyisobutylene does not change the yield 
value at any of the concentrations studied. However, 
the strength of the system falls sharply with increasing 
amounts of natural rubber added; this is in complete 
harmony with the conductivity results (Fig. 2). These 
results show that different polymers have different ef- 
fects on the structure formation of carbon black in a 


Fig. 3. Variation of yield value of carbon-black hydrocarbon medium. This is probably associated with 
suspensions with concentration of carbon black; the formation of adsorbed layers on the carbon-black 
1) in 1% solution of natural rubber; 2) in 1% particles, which alter their lyophily with respect to 
solutions of polyisobutylene (molecular weight the surrounding medium; this is confirmed by deter- 
70,000 and 200,000) and in pure xylene, minations of the adsorption of rubber and polyiso- 


butylene on carbon black. 


The adsorption was determined gravimetrically. 
Solutions of natural rubber and polyisobutylene with the 
following concentrations were carefully prepared; 0.125; 
0.25; 0.5and 1%. (At higher concentrations the suspensions 
with added carbon black were very difficult to centrifuge 
because of their high viscosities.) One gram of carbon black 
was added to each 25 ml lot of solution, the suspensions were 
thoroughly mixed, placed on the shaker for 30 minutes, and 
centrifuged for 2hours at 3000r.p.m. The solutions were 
then decanted into weighed bottles, which were weighed 
again and placed in a vacuum drying oven atroom tempera - 
0 ture for evaporation of the solvent. After evaporation of the 

ee % A Me vad 20 solvent the bottles were kept to constant weight in a vacuum 
a oven at 110°. The adsorption was calculated from the 
weightloss. The results are givenin the Table. 


Fig. 4. Variation of yield value of 18% carbon- 


black suspension with the concentrations of added It is clear from these results that polyisobutylene 
polymers; 1) with addition of natural rubber; 2) is not adsorbed on carbon black, and it is therefore not 
with polyisobutylene (molecular weight 70,000 an active additive for suspensions of carbon black in 

and 200,000), and in pure xylene, xylene. It is still not clear why polyisobutylene is not 


adsorbed on carbon black; this question requires further 
study, The adsorption of a polymer evidently depends on the structure of the polymer molecule, It is known 
that the polyisobutylene molecule, unlike that of natural rubber, does not contain double bonds. This may be 
the reason why polyisobutylene is not an active additive in suspensions of carbon black. 


The question may arise whether the results of our experiments are at variance with the fact that carbon 
black, being an active filler, reinforces rubber mixtures, Kolbanovskaia and Rebinder [14] showed that in- 
dividual chain molecules of rubber interact at definite points in solution. The number of such interaction in- 
creases with increasing polymer concentration, and a continuous network structure of the macromolecules is 
formed as a result. On addition of a definite critical quantity of active filler to a rubber solution the mech- 


anical characteristics of the system increase sharply owing to formation of a space structure of the rubber macro- 
molecules with the particles of the active filler. 
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This view is undoubtedly correct. It must be 

pointed out, however, that the observed formation of 

a space structure of rubber macromolecules with filler 

particles [14] occurs in conditions when the rubber 
i) solution is itself already structurized (when it is a gel), 
before addition of the filler, Our experiments, on the 
other hand, were carried out with low polymer concen- 
trations, when the solution is close to a Newtonian 
liquid in its properties, i,e., when it is not structurized, 
It is evident that in this case filler should have a dif - 
ferent effect on the mechanical properties of the rubber 
solution, 


If we accept the views [14] concerning the in- 


b a SRubber fluence of added carbon black on the mechanical pro- 

perties of rubber solutions, the development of a struc- 

Fig. 5. Variation of mechanical properties of the ture in the system polymer solution—carbon black can 
system with the concentration of polymer adsorbed be represented as follows: 


on the carbon black. 
ne ha shecigh 1. When a polymer (such as rubber) is adsorbed 


on the surface of carbon-black particles, the relation- 

ship between the mechanical properties of the system 
and the polymer concentration can be schematically represented as shown in Fig. 5. In this diagram the rubber 
concentration is taken along the abscissa axis, and the mechanical properties (the yield value Py, and viscosity 
n is this instance) are taken alang the ordinate axis, Curve 1 (from the previous data [14]) represents. the varia- 
tion of the viscosity of a solution of rubber in xylene with the concentration of rubber, Point A corresponds to 
the concentration at which a structure is formed in the solution. Curve 2, based on our data, represents the ef- 
fect of additions of rubber on the strength of the carbon-black structure in 18% suspension of carbon black in 
xylene. The variation of the strength of the structure in the system rubber solution—carbon black with the con- 
centration can be tentatively represented by the dash region of Curve 2. Before there is any rubber in the sys- 
tem, the carbon-black suspension (if the concentrationis adequate) has a definite strength, corresponding to 
Point B in the diagram. This is the strength of the carbon-black structure itself, formed from the carbon-black 
particles with thin layers of the medium remaining between them. When small amounts of rubber are added, the 
strength of the carbon-black structure decreases owing to formation of adsorbed layers on the particles and thick- 
ening of the layers of medium as the result of adsorption of the rubber. This decrease of the strength of the 
carbon-black structure could be continued to zero if the rubber macromolecules did not form their own, “sec- 
ondary"structure. Subsequently, with increasing concentration of the rubber, its solution becomes more and 
more structurized and at a definite concentration the mechanical properties increase sharply. Therefore the 
mechanical strength of the system increases again with increase of the rubber concentration. It is not difficult 
to see that the sharp increase in the values of the mechanical properties (corresponding to Point B in Fig. 2) of 
a rubber solution containing carbon black need not necessarily occur just when the concentration of rubber in 
the solution reaches the level necessary for formation of a structure of rubber molecules in the pure solution 
(Point A in Curve 1), i.e., the “critical” concentration (b) on Curve 2 should be lower than the "critical" con- 


centration (a) onCurve 1. 


Adsorption of Polyisobutylene and Natural Rubber on Carbon Black 


a Le) i) =i 4 1 
fe) oe vo 2 ° «hae i. 5a 5 abe 
: ou ‘fd See on 5 ° 
gi |& Ze lgsu [5 2S [seu |Bog las 
Bees wo [S20 /S°s |Z oo aso |So gg |paa Bae 
Bog 3 BF | les las oe “8S |s88e |SE=a6 
ra ra) ° uj ww ° Pare er) a2) 
SSls 6 |goe i= I6s [see |F8as [25333 
Adsorption of polyisobutylene Adsorption of natural rubber 
1 7,9802 | 0.0798 0.0811 8.7112 | 0.0871 | 0.0848 | 0.0152 1.52 


0.5 7.4831 | 0.0374 0.0383 7.2202 | 0.0361 | 0.0323 | 0.0138 As 
0.25 8.5412 | 0.02130 | 0.0220 9.9610 | 0.0249 | 0.0225 | 0.0060 0.60 
0,125 | 7.2104 | 0.00901 | 0.0087 | 10.5605 | 0.0132 | 0.0412 | 0.0047 0 
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2. If a polymer (such as polyisobutylene) is not 
adsorbed on the carbon-black particles, the variation 
of the mechanical properties of the system polymer 
solution — carbon black with the rubber concentration 
may be schematically represented by Fig. 6. 


Curve 1 in Fig. 6 represents the variation of the 
viscosity of a solution of an "inactive" polymer with its 
concentration. Line 2 represents the dependence of the 
strength of the carbon-black structure on the concen- 
tration of the added polymer. This line is parallel to 
the abscissa axis, as introduction of an inactive polymer 


6, Rubber into the system does not lead to formation of an in- 
dependent structure, while the polymer is not adsorbed 
Fig. 6. Variation of the mechanical properties and cannot form layers around the carbon-black particles, 
of the system with the concentration of a polymer hindering their interaction. 


not adsorbed on carbon black. ; 
Experiments were recently performed in our lab- 
oratory on the determination of the yield value of carbon- 


black suspensions in solutions of natural rubber (smoked sheet), Pj, being determined by the cone-immersion 
method. The results confirmed that, for a given content of carbon black in the suspensions, the values of P;, 
pass through a minimum with increase of the rubber concentration. 


SUMMARY 


1, The influence of added polymers on structure formation in carbon black suspensions in a hydrocarbon 
medium has been studied. 


2. Addition of natural rubber, which is adsorbed on the carbon-black particles, decreases both the con- 
ductivity and the strength of the system. 


3, Addition of equal amounts of polyisobutylene, which is not adsorbed on the carbon-black particles, 


has no appreciable effect either on the conductivity or the mechanical strength of the system. 
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THE STATES OF AGGREGATION OF HIGH~MOLECULAR COMPOUNDS 


2. A STUDY OF THE LINEAR EXPANSION OF GUTTA~—PERCHA 


R. I. Fel'dman and-S. I. Sokolov 


A distinctive property of gutta-percha, rather rare in other polymers, is its ability to exist in two modi- 
fications (a and 8), which can be detected by x-ray and electron diffraction, according to the conditions of 
preparation. The modifications differ in the spatial arrangement of individual chain segments of the relative 
arrangement of the chains themselves. However, one of these modifications (8) may not be crystalline in the 
fullest sense, The a-modification, which has the higher melting point, occurs in plants, in films obtained 
by slow cooling (0.5° per hour) of melts and in films formed from solutions in ligroine or benzene by slow eva- 
poration of the solvents. The 6 -modification has been detected in films made from rapidly-cooled melts [1] 
or from rapidly-evaporated solutions, such as in chloroform [2]. It is believed that at room temperature the 
B -modification is metastable [1] and the a-modification is stable [3]. 


Gutta-percha obtained from tropical plants [5] has the same structure as that obtained from Euonymus 
species in our country, as demonstrated by electron and x-ray diffraction methods [2, 4], According to elec- 
tron~diffraction data [2], a film obtained from solution in chloroform contains the orthorhombic 8 -modifica- 
tion (8 = 7.85 A; b= 11.90 A; c = 4.77 A) with a small admixture of the monoclinic a-modification, which 
gives only one line. Stretched films give typical oriented electron-diffraction patterns. The orientation axis 
is parallel to the direction of stretch. It has been suggested [6] that stretching of the polymer results in a 
structural change caused by mechanical "remelting" of the crystals. 


Gutta-percha from Euonymus was chosen for our investigations, as it contains less impurities (resins) than 
gutta-percha from Eucommia. The films were made from solutions prepared at room temperature in chloro- 
form. The solution was separated from the sediment after prolonged settling, and poured onto glass or a mer- 
cury surface in a crystallizing dish. The chloroform was evaporated in air at 18-20°. The films made on glass 
(gutta-percha G) were transparent and shiny on the side adjacent to the glass, while the films on mercury (gutta - 
percha M) were opaque. The films on mercury were able to contract freely during evaporation of the solvent, 
whereas on glass this was not possible and the films became oriented in the horizontal plane; this was revealed 
by birefringence. Orientation of the palisade type in films ~ 200 A thick made from Russian gutta-percha 
on water or aluminum surfaces, similar to that characteristic of monomers [2] and tropical gutta-percha [7], 
was also detected by electron diffraction, The chains lie with their long axes perpendicular or almost per- 
pendicular to the film surface, with corrugations or coiling in some regions. This type of molecular packing 
in these films is the most advantageous from the energy aspect, and corresponds to the lowest free energy of 
the system [2]. Thin films, when the repeat unit is short, are characterized by a few occasional folds which 
do not have much influence on the general nature of the structure. In gutta-percha films obtained by evapora- 
tion of benzene solutions on water, preferential orientation of the c axis of the crystals at right angles to the 
film plane was observed [4]. Similar results were obtained for polyethylene films made on water surfaces [2]. 
According to existing data, the turbidity or transparency of the films are associated with formation or disappear- 
ance of crystals, Amorphous films of rubber, gutta-percha, balata, and polyethylene are transparent, but in 
presence of the smallest crystalline formations they become turbid or milk-white [8-11]. 


It is probable that the films obtained by us on mercury were able to contract freely, and their molecules 
assumed a configuration with the lowest content of potential energy. The formation of folds with parallel 
packing of individual chain segments also conforms to this condition. Therefore gutta-percha is in a more stable 
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state in the form of films made on mercury than in the form of films on glass [12]. Internal stresses were pre- 
sent in the latter, and they could therefore contain two kinds of crystalline regions, characteristic both of un- 
stretched and of stretched 8 -gutta percha. 


Therefore gutta-percha M, gutta-percha G, and additionally stretched gutta-percha are systems of dif- 
ferent degrees fo stability. The transitions between the different states were investigated by the method of 
linear dilatometry, which had been applied to other polymers [12, 13] and was described earlier [12]. It was 
also desired to show, in the case of gutta-percha as an example, that general signs of transitions in high 
polymer systems exist, manifested in their diffused character, dependence on the kinetics and the previous 
history of the specimens, and the common occurrence of nonequilibrium states differing in stability. 


Gutta-percha M, The results of a series of determinations carried out on a film of gutta-percha M are 
plotted in Fig. 1 (Curve 1).* Parallel determinations of transparency showed that at 27-33° the edges of the 
free film become clear, and at 58-62° the film becomes completely transparent. If transparency is regarded 
as a secondary sign of "complete melting" of the crystals, then 62° must be the temperature at which the transi- 
tion into the amorphous state is completed. If the film is stressed, the temperature of “complete melting” is 
lower, 


Figure 1 (Curve 2) shows the effect of temperature 
on the length of a film of gutta-percha M previously 
heated in water at 80° and rapidly cooled ( "quenched”) 
to 15°. Curves 1 and 2 in Fig. 1 are similar in external 
appearance, but differ somewhat in the transition tem- 
20 peratures and regions, and the coefficients of linear ex- 
pansion a (in cm/degree -cm) are higher for the 


units 


Phe), quenched film, Under the test conditions described, in 
gb the temperature rage 5 to 23°, a, = 2.28-107 and 

On f Op = 3.32-1075; the value of a determined in cooling 
€ of the quenched film down from 46° was 4,41-1075, 

8 0 wot? It is likely that the packing is more dense in the un- 


heated than in the heated film. Heating of the film 

to 80° alters the arrangement of the molecular chains 
and of their individual segments, and completely 
eliminates the crystalline regions; the system even pas- 
ses into the viscofluid state, In relatively rapid cooling 
(quenching), the new packing may be partially retained, 
as the molecular rearrangement of the system may not 
be completed. This is probably why the coefficient of linear expansion increases, as it is higher for systems at 
high then for systems at low temperatures, provided that orientation of the chain molecules in the film plane, 
which leads to an anomalous course of the length—temperature relationship, is excluded. Analogous results 
were obtained in experiments on a film of gutta-percha M heated in air to 80°. The length increase after the 
heating, calculated for 20°, was 0.7%. 


Fig. 1. Effect of temperature on the length of 
gutta-percha M films: 1) unheated, P = 10.9 
g/mm?; 2) heated in water at 80°, P = 13.2 
g/mm?. 


Gutta-percha G. The relationship between the temperature and the length of a film of gutta-percha G, 
plotted in Fig. 2, is of a different form; a possible explanation for the difference is that the specimen was in 
an oriented unstable state with internal stresses. The total duration of the experiments was seven days. When 
the film is heated, two competing processes develop as thermal motion in the system increases; contraction 
and elongation. The contraction is due to the regions oriented lengthwise, and the elongation is due to the 
unoriented regions. It is probable that at the given degree of orientation in the temperature range 27 to 42° 
the two processes neutralized each other, and the length of the specimen remained constant while the struc- 
ture was changing. The disappearance of orientation is indicated by the positive hysteresis observed when the 
specimens were cooled down from 59°, The next heating-cooling cycle, performed after the specimen had 
been left at rest for 84 hours, was similar to that described for gutta-percha M. Failure of the specimen (tear- 
ing at the clamps) took place at 60°. The coefficient of linear expansion, determined during heating from 
«The length—temperature relationships are plotted on an arbitrary scale in all the diagrams, They cannot 


be used for comparisons of absolute values. 
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; ‘ bane k 
8 to 27°, was between 1.6-10°5 and 1.9-10°°, and the value determined during cooling for 42 to 8° was 2.1°10. 
The length change after the tests, calculated for 25°, was 0.25%. 


Gutta -percha M, previously stretched. Films of gutta-percha M were heated in an air thermostat at 80°, 
cooled rapidly to 13°, and stretched at this temperature to nearly the breaking length on the dynamometer. 


The films were kept for 48 hours in the stretched condition, They were then stored for 16 days without tension. 
Although the length almost ceased to alter during this time, the residual elongation was still large. A length— 
temperature plot determined during heating and cooling of a film with 131% residual elongation is shown in 
Fig. 3. (Curve 1), The hysteresis in cooling down from 61° was positive. The system after cooling was ina 
less stable condition than before cooling. The increase 
in the length of the specimen during cooling from 61 to 
45° is the result of continuing flow, and indicates that 
the system passed from the viscofluid to the high-elas- 
tic state, with a crystalline portion present. The length 
change on heating and cooling from 59 to 45° was 23%. 


According to the available information, the elas- 
tic properties of gutta-percha are very slight; if heated 
to 50° it becomes more extensible, but also plastic. 
These properties are utilized in the production of articles 
from gutta-percha. Molding is carried out between 50 
Fig. 2. Effect of temperature on the length of and 90° [14]. 
gutta-percha G film, P = 19 g/mm*. 


arbitrary units 


Length change 


Films of previously stretched gutta-percha M differ 
from films of gutta-percha G by the existence of oriented 
regions, predominantly parallel to the applied stretching force. Therefore specimens of gutta-percha G remain 
almost unchanged in length between 27 and 42°, whereas films previously oriented by stretching begin to con- 
tract when heated to a certain temperature. When a stretched film is heated to 29-30° the intensity of thermal 
motion is not yet enough to eliminate the predominant orientation, and the material elongates owing to increase 
of the distances between the individual regions of the macromolecules, In the temperature range from 2 to 29° 
the coefficient of linear expansion decreases from 0,8-107* to 0. Melting and reorientation continue to 59°; the 
specimen contracts by 8% between 30 and 59°, The external applied force restrains the reorientation to some 
extent. Beyond 61° the system becomes plastic and passes into the fluid state. During cooling between 61 and 
45° the system returns to the high-elastic state and crystallization begins. The coefficient of linear expansion, 
determined under the test conditions described during cooling and subsequent heating (after 48 hours) varied 
from 3.5+10 ° in the range from 45 to 19°, to 3.31075 between 19 and 3°. The length of the specimen, de- 
termined at 18°, increased by 18% after the tests. The length—temperature relationship was studied with speci- 
mens of different residual elongations, Curve 2 in Fig. 3 represents the results of experiments on a film of 
gutta-percha M with residual elongation 143%. At this elongation the temperature at which the specimen be- 
gan to contract fell to 16-18", The specimen contracted by 9% as the temperature changed from 18 to 56°. 

The contraction was most rapid starting with 32°, The value of a calculated for the range 49- to 18° was 3.2-1075 
The elongation over the range 56 to 49° was 14%, and after the tests, at 18°, about 3.0%. The temperature at 
which the stretched specimen begins to contract can be lowered, not only by an increase of the residual elonga- 
tion, but also by a decrease of the load at which the length determinations are performed. Curve 3 in Fig. 3 
represents the results of experiments on a gutta-percha film which had residual elongation of 52% after recovery. 
The specimen contracted by 21% with increase of temperature from 19 to 63°; on further heating to 64° the 
specimen stretched by 60% and broke. 


An untensioned gutta-percha film, previously stretched to 260% at 12°, begins to contract at 23-24°, and 
the contraction rate increases from 27°, reaching a maximum at 42°, At 50° the film becomes adhesive. For 
comparison, transition points for gutta-percha and balata, taken from literature sources, are collected in the 
Table. 


DISCUSSION OF RESULTS 


It was concluded in our previous communications [13] that the behavior of crystallizing and noncrystallizing 
high polymers is similar in many respects. The results presented in this paper provide further illustrations of this. 
The changes in the linear dimensions of specimens during heating and cooling show that transitions from the 
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Length change, arbitrary 


Fig. 3. Effect of temperature on the length of stretched gutta-percha M 
films; 1) ¢ = 131%, P = 32.9 g/mm*, 2) € = 143%,P = 34.1g/mm?, 
3) € = 52%,P = 22.0 g/mm?. 


Transition Temperature Points and Regions 


Point, determination method Literature source 


Temperature, °C 


Gutta-percha 


Tg, glass transition temperature. Compression he [15] 
Tp, brittle point of “paragutta” — 61 to —45 [16] 
Tp, brittle point of white gutta-percha — 53.5 [17, 23] 
Tp, brittle point of cable gutta-percha —36 to — 23 [16] 
Tp, brittle point of Pahang gutta-percha* — 28 [18] 
Adhesion strength 16 to 30 [2] 
Loss of transparency below 27 [10] 
Melting point of stretched vulcanized gutta-percha 34 [19] 
Refractive index {10] 
Stress relaxation 35 to 40 [20] 
Disappearance of network structure. 35 to 45 [21] 
Ultramicroscopy 45 
Gas permeability [25] 
Disappearance of crystalline interferences. ~50 [14] 
X-ray crystallography 50 
Melting point of 8 -form. Phase diagram {1, 22] 
Melting point under maximum load 56 (19] 
Melting point 57 [23, 24] 
Melting point of a-form. Phase diagram 60 {1, 22] 
Temperature of a — 86 transition. 65 [1] 
Phase diagram 68 
Transition to mobile liquid 130 to 150 [14] 
Balata 
Tp, brittle point of washed and extracted —67 to —62 [16] 
Tp, brittle point of washed — 52 to— 44 [16] 
Tp, brittle point —44 [18] 
From refractive index 33 to 37 [10] 
Commencement of strong turbidity 33 [10] 
Start of crystallization 37 [10] 
Melting point of 6 -form 37 to 40 [10] 
Softening temperature 60 to 61 [10] 
Complete melting. Transparency above 70° [10] 


* The brittle point rises by 5-10° if the specimen thickness is changed from 1.8 to 1.3 mm [18]. 
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amorphous to the crystalline state, and transitions from one modification to another, do not occur abruptly as 

in substances of low molecular weight, but gradually over a certain temperature range. The transition points 
can be displaced along the temperature scale by a great variety of influences, including variations of the heat- 
ing and cooling rates. As in the examples described previously [12, 13] specimens of gutta-percha may exist 

in states of varying stability, diverging to various degrees from equilibrium, according to their previous history. 
Equilibrium states can be reached only in the limit, when ordered packing of the chains with the minimum 
energy content is possible. In practice, specimens are obtained in states with various deviations from the equili- 
brium packing of the chains, even if the packing corresponds to the crystalline state. 


It is evident from a survey of the literature on gutta-percha that there are no clear ideas concerning the 
conditions for the transition from one state into another (the a and B modifications, the amorphous state), 
and, indeed, of the nature of the modifications themselves. The interpretations of the x-ray data are not com- 
pletely reliable, and they can only be regarded as approximate and prebable representations of the chain con- 
figuration and packing. Data on the transition temperatures are also very inconsistent and, as the Table shows, 
illustrate once again the complex behavior of this material during changes of its states of aggregation. The 
most general conclusion to be drawn from the whole range of facts is that the 8 -configuration corresponds to 
the more extended chains. In the a-modification, however, the chain packing is probably closer owing to the 
greater intermolecular interaction. To obtain the a-modification it is necessary to ensure the appropriate con- 
ditions in which relaxation effects can occur more easily and the chains can freely assume the configuration 
which leads to a minimum energy content. Any influence on the chains favoring their extension favors the 
formation of the 6 -modification, and the increased viscosity (due to intermolecular interaction) increases the 
relaxation time and.hinders transition into the a-modification. 


Stretching forces may arise in individual regions of the chains not only under the action of external in- 
fluences, but also during contraction of the specimen during cooling or during rapid removal of the solvent. 


The behavior of gutta-percha specimens described in this paper can be interpreted in this light. 


SUMMARY 


1. Curves have been plotted for the linear expansion of stretched and unstretched gutta-percha films, 
made on different supports, during heating and cooling. 


2. The previous thermal history and previous deformation of the specimens influences the coefficients 
of linear expansion, hysteresis effects in the establishment of states of varying degrees of stability, and the 
transition points and regions. 


3. The influence of heat treatment on the molecular packing and its relation to the stability of the 
system is discussed. 
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ELECTRON MICROSCOPE INVESTIGATION OF THE PLASTICIZATION OF A 
DISPERSION OF VINYL CHLORIDE — VINYLIDENE CHLORIDE COPOLYMER 


B. V. Shtarkh and A. P. Pisarenko 


In a number of industries, including the production of artificial leather, a great variety of aqueous poly- 
mer dispersions is used. These dispersions are rarely used in their original form. Various substances are gen- 
erally added to them, according to the purpose for which the dispersion is to be used. Among the components 
added to dispersions of polymeric plastics are plasticizers, the role of which is particularly important if the 
polymer present in the dispersion has high hardness, poor autohesion, and therefore poor film-forming power. 

Ths use of aqueous dispersions containing rigid polymers such as polyvinyl chloride or Saran is possible in prac- 
tice only if plasticizers are added [1, 2]. Technological latex mixtures, even if based on such synthetic latexes 
as SKS-30 or DVKhB-70, intended for fabric impregnation, rubberizing, and coating, also usually contain various 
amounts of plasticizers. 


In our earlier work on determination of the dimensions and shapes of the particles in various latexes and 
dispersions. by means of the electron microscope [3] it was shown that all of them, with the exception of SVKh 
(vinyl chloride — vinylidene chloride copolymer) dispersion, are polydisperse systems with particles of different 
shapes. 


A classic example of a monodisperse system is provided by SVKh dispersion, which contains copolymer 
particles of perfect spherical shape, ~ 200 my in diameter, with sharp outlines, It is impossible to obtain con- 
tinuous films from such a dispersion, and it dries on glass in the form of hard scales. We used dibutyl phthalate 
as plasticizer for SVKh dispersions; 20% of this, calculated on the solid SVKh, was added to the dispersions in 
the form of a freshly prepared emulsion. The investigations were carried out by the direct preparation method 
with the EM-3 electron microscope with magnification x'7500. 


The control was the original SVKh dispersion, shown in Micrograph 1. Micrograph 2, of the dibutyl 
phthalate emulsion, shows that the emulsion consists of spreading drops with diffuse outlines. In all probability 
this is.caused by plasticization of the collodion supporting film as the result of drying of the droplets of the 
plasticizer emulsion on it, Specimens of SVKh dispersion were prepared immediately after addition of the 
plasticizer and after the plasticized dispersion had been left to stand for 10, 20, 30 and 60 days. In addition, 
specimens were also prepared from small amounts of dispersions taken from each of these samples and heated 
for 2 hours at 70° in a thermostat. 


Micrograph 3 shows the SVKh dispersion when the specimen was prepared immediately after addition of 
the plasticizer emulsion. In this case the collodion support is not plasticized, as was the case in specimens 
prepared directly from the plasticizer emulsion. When dibutyl phthalate emulsion is added to SVKh dispersion, 
the copolymer particles, owing to their large specific surface, adsorb the plasticizer from the emulsion at a 
rate which exceeds the plasticization rate of the supporting membrane. It seems likely that the droplets of 
dibutyl phthalate emulsion are localized near the particles of the SVKh dispersion and thereby assist their aggre- 
gation. Despite the fact that the plasticizer was in contact with the copolymer particles for only a short time, 
the particles lost their individuality. The plasticizer collected in large formations and obscured the outlines 
of the particles, which began to swell in it. Comparison of micrographs of SVKh dispersions containing the 
plasticizer and left to stand at room temperature for 10, 20, 30 and 60 days (Micrographs 4, 5, 6 and 7) shows 
that even after as long as 60 days the elementary copolymer particles retained their original structure, It is 


also seen that after two months of standing the particle size of the plasticized dispersion increased appreciably 
(Micrograph 7), 
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Electron micrographs: 1) Original SVKh dispersion; 2) dibutyl phthalate emulsion; 
3) SVKh emulsion immediately after addition of dibutyl phthalate emulsion; 4, 5, 6, 
and 7) ditto, after 10, 20, 30, and 60 days of standing; 8) ditto, after heating for 2 
hours; 9 and 10) ditto, after 30 and 60 days of standing followed by heating for 2 
hours. 
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The joint influence of time and heat treatment on the plasticization of particles in SVKh dispersions by 
dibutyl phthalate is illustrated in Micrographs 8, 9, and 10; it is seen that heating for 2 hours (Micrograph 8) 
results in a considerably greater plasticization effect than prolonged standing at room temperature. 


Heat treatment is especially effective after plasticized SVKh dispersion has stood for 30 or 60 days (Micro- 
graphs 9 and 10). In these cases the globular structure of the dispersion is completely lost, and the field of 
vision contains dark patches, quite opaque in the electron microscope. This suggests that the coalescence of 
the copolymer particles was so extensive that a continuous film formed on the collodion support. 


SUMMARY 


1. An electron microscope investigation was carried out whereby it was possible to observe the changes 
taking place in an SVKh dispersion containing a plasticizer, after. different times of contact between the co- 
polymer particles and plasticizer, and as the result of heat treatment. 


2. Prolonged standing or brief heating assists better plasticization of the copolymer particles in SVKh 
dispersions by the low-molecular plasticizer, dibutyl phthalate. 
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BRIEF COMMUNICATIONS 


THE EFFECT OF ELECTRIC CHARGES FORME-D DURING REPEATED DEFORMATIONS 
ON THE FATIGUE RESISTANCE OF VULCANIZATES 


B. A. Dogadkin, V. E. Gul’, and N. A. Morozova 


Electroelastic and triboelastic effects result in the formation of electric charges on articles made from 
polymers undergoing deformation. It was of interest to determine the effect of the charges formed during de- 
formation on the fatigue resistance of vulcanizates, No convincing experiments clearly demonstrating the 
role of electric charges arising during friction or deformation had been carried out previously. 


Vulcanizates containing different amounts of acetylene black were tested in a machine in which cylin - 
drical specimens with thickened ends were subjected to repeated bending at 1300 cycles/minute. 


The stocks had the following composition (in parts by weights): SKS-30A 100, sulfur 2, technical stearin 
2, Rubrax_5, black oil 4, Altax 0.6, diphenylguanidine 0.8, zinc white 5, oleic acid 1. Increasing amounts of 
acetylene black were added to this composition; 6, 12, 18, 20, 22, 30, 40 and 75 wt. parts per 100 wt. parts of 
rubber, 


The experiments showed that specimens containing from 0 to 22 wt. parts of carbon black are noncon- 
ducting at 127 v, as a network structure is not formed with these amounts of acetylene black. Vulcanizates 
containing 30 wt. parts of acetylene black and over are conducting. Specimens of the above composition were 
tested for fatigue resistance by two methods, In one method, the surface of the vulcanizate specimen was 
brought in contact with the conducting metal surface of the machine for repeated-deformation tests, In the 
other method the parts of the specimens placed in the clamps were covered with insulating caps of natural rub- 
ber. 


The nonconducting specimens, containing up to 22 wt. parts of carbon black, gave the same endurance 
results by the two methods. The conducting specimens, containing 30 wt. parts of carbon black and over, dif- 
fered considerably in fatigue endurance according to whether the charges formed could be conducted away. 
Thus, a specimen containing 30 wt. parts of carbon black failed after 215,000 cycles when tested with insulated 
ends, whereas when the charges could escape it showed no visible changes after 315,000 cycles, A specimen 
with 40 wt. parts of carbon black failed after ~23,000 cycles in a test with insulated ends, and after ~ 48,000 
cycles without insulation. A specimen with 75 wt. parts of carbon black failed after 8,000 cycles in the first 
case, and after ~20,000 cycles in the second. 


Thus, the fatigue resistance is more than doubled by the formation of conducting paths of a dispersed 
filler in the rubber, if the electrical charges produced during repeated deformation are conducted away. 


The formation of the charges can hardly be attributed to polarization, as the bound charges formed in 
the polarization of dielectrics cannot be removed by the method used in these experiments, 
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A STUDY OF THE STRENGTH AND HIGH-ELASTIC PROPERTIES OF RUBBER 
SOLUTIONS AND THEIR VULCANIZATES AT HIGH 
DEFORMATION RATES 


A. A. Trapeznikov and T. V. Assonova 


Investigations of the strength and high-elastic properties of rubber solutions [1] and of vulcanizates are 
of interest in relation to studies of the formation and character of the structures in rubber solutions. We car- 
ried out such determinations with the aid of an elastoviscosimeter for oscillographic recording of P(e ) curves 
at high values of € [2], and also an elastorelaxometer [3] designed for direct measurements of elastic deforma- 
tions in flowing systems at high values of €. (P(e) curves for 6% solution of rubber in decalin are given in 
Fig. 1). 

It was found that, in agreement with earlier find- 
ings [1], the P(e ) curves for solutions of rubber (pale 
crepe) in decalin at 4, 6, and 10% concentrations, in 


"E the range € from 14 to 5000 sec *, pass through a maxi- 
eg” mum P = P,, the position of which along the € axis shifts 
= fit with increasing é€ in the direction of increasing € ,, reach- 
3 e W762 ing 5000% at high values of €. The e,(€) relationship 
Q par is linear, 
a 962 


36, ove Measurements of the elastic deformation by means 
Gewr% of the elastorelaxometer for €= 143 and 1142 sec"! at 
c = 4% showed that the € e(e ) curves also pass through 


a maximum, but this lies ate ,,>> €;. The highest 
values of €e are 770 and 1100%,. 


Fig. 1. P (e ) curves for different values of € 
(numbers on the curves) for 6% solution of 
rubber in decalin, 
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Fig. 2, Time variation of the elastic deformation of 2% solution of rub- 
ber in decalin after addition of 10% SeClp (fixed € = 5400%; € = 286 sec”), 
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Vulcanization of 2% rubber solution with 10% of S,Cl, (on the weight of the rubber) sharply increases the 
relaxation time of the system. Therefore at € = 286 sec! and total fixed € = 5400%, the elastic deformation 
€ . may reach 4000-5000% (1-2 days after the start of vulcanization of the solution (Fig. 2). These results 


show that the chain regions between the junctions of the network. may be deformed to 40 to 50 times their own 
length. 


The discrepancies between the positions of €; and € yy on the P(e) and € g(e ) curves, and the shift of 
P, in the direction of higher ¢ r with increase of é show that the deformation and strength characteristics of 
rubber solutions are determined by a range of bonds in the system, characterized by different € ,4 and 9, [3]. 
Therefore with increase of € the strength maximum {s transferred to longer bonds, which relax at a higher rate. 
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NEW PROBLEMS OF COLLOID CHEMISTRY 


A Plenary Session of the Central Committee of the Communist Party of the Soviet Union was held May 6-7, 
1958; as a consequence of N. S. Khrushchey's address, a resolution was adopted "On acceleration of the develop- 
ment of the chemical industry and especially of the production of synthetic materials and articles made from 
them, in order to satisfy the needs of the population and the demands of the national economy.” The resolution 
provides for a steep rise in the production and processing of polymers. For example, by the end of 1956 the pro- 
duction of artificial and synthetic fibers should be 4.6 times, the production of plastics and synthetic resins 8 times, 
and of synthetic rubber, 3.4 times the 1957 production. 


This increase in the output of synthetic polymer materials can be possible only if scientific research work 
is developed correspondingly. Soviet research workers are confronted with the serious, honorable, and responsible 
task of developing the branches of chemical knowledge on which the production of polymer materials depends. 
This primarily applies to specialists in the field of colloid chemistry. High polymers are colloidal in nature; many 
technological processes in their production and processing are based primarily on the phenomena and laws of colloid 
chemistry and physics. 


The first process to attract attention from this aspect is emulsion polymerization — the main process used in 
the production of synthetic rubbers and a number of plastics and coatings. Therefore the whole range of physico- 
chemical problems associated with the stability of aqueous dispersions, searches for new emulsifiers and stabilizers, 
their effects on the polymerization kinetics and properties of polymers, etc., should form the focus of attention in 
colloidochemical research. Equally worthy of attention are technological processes for the production of articles 
directly from aqueous dispersions of polymers (the production of foam rubbers and foam plastics, and of microporous 
ebonite from natural and synthetic latex), anticorrosion coatings, and coloration of synthetic resins in aqueous sus- » 
pensions. These processes have been developed very extensively abroad; a considerable expansion of research is 
needed for their acceleration and for the development of principles of continuous mechanized production. 


Most materials and articles made from polymers are produced in conjuction with other materials, usually in 
a state of high dispersion (fillers, dyes, fibrous substances, etc.). Rubber stocks, plastics, reinforced plastics, etc., 
are multiphase and multicomponent systems, the properties of which depend on colloidochemical phenomena 
characteristic of interphase boundaries. Therefore the rational development of technological processes for the 
conversion of polymer materials requires the competent participation of colloid chemists and colloid physicists, 
who are confronted with numerous research problems relating to polymer systems, 


Another specific characteristic of polymers is that their mechanical properties, and therefore their behavior 
in use, greatly depend on the chemical processes which take place during their production and utilization; in 
turn, mechanical influences. may induce or activate chemical changes in polymers. This situation has led to the 
development of the new field of mechanochemistry, the successful growth of which may have a favorable influence 
on polymer technology and on improvements in the properties of polymers. Determination of the laws which re- 
late the physical and mechanical properties of polymer materials to the conditions of their processing is an im- 
portant scientific task in physicochemical mechanics; wide circles of Soviet scientists, specialists in colloid che - 
mistry, must take part in the fulfillment of this task. 


Research into a number of problems of the chemistry and physics of adhesives, the adhesion process, and 
film formation, is of great practical significance. The role of colloidochemical phenomena is predominant in 
these processes. The fruitful researches of Soviet scientists in this field must be subordinated to the tasks posed by 


the resolution of the May Plenary Session. 


We have named only a part of the scientific colloidochemical problems which must be intensively studied 
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in order to develop the production of synthetic materials. The Plenary Session of the Central Committee of the 
CPSU calls upon scientists to mobilize their efforts "in order to increase the output of chemical products, to de- 
velop new progressive technological processes and highly productive types of equipment, to solve important tech- 
nological problems, and to seek the most effective methods and means for the production of new chemical materi- 
als. The accelerated development of the chemical industry must be the aim of the whole nation.” 


The Editorial Board of “Colloid Journal” is firmly confident that Soviet specialists in the field of colloid 
chemistry will take the most active part in measures for the realization of the resolution of the Central Committee 


of the Communist Party of the Soviet Union. 
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THERMAL DEGRADATION OF POLYMETHYL METHACRYLATE 


BS. eb. Brester, A. To OF minskKala, A. iG; Popov, E. M. Saminskii 


and S. Ia. Frenkel’ 


In recent years there have been a number of investigations of the thermal degradation of polymers in con- 
nection with the preparation of high-temperature macromolecular compounds. After the work of Votinov, Kobeko, 
and Marei [1], the degradation of methyl methacrylate polymer (PMMA) in vacuum was studied in great detail by 
Melville and his co-workers [2], .and by Madorsky [3], who showed that the thermal degradation of PMMA proceeds 
smoothly down to the monomer. Melville, Grassie et al., used PMMA of relatively low molecular weight (M< 200,000); 
they found that: 


a) at about 200° the degradation of about 50% of the polymer proceeds smoothly and at a constant relative 
tate. The remaining half is considerably more stable, and must be heated to about 300°; 


b) the molecular weight (number-average) remains constant during degradation; 
c) the activation energy of degradation of half the PMMA is 32 kcal./ mole of monomer. 


These results show that thermal degradation under vacuum is a chain reaction in which monomer units are 
detached from macromolecular radicals, i.e., it is the reversal of the radical-polymerization reaction. The pri- 
mary activation of the macromolecule occurs at the end, and the whole macromolecule is broken down completely, 
i. e., the kinetic chain is equal to the material chain; hence the molecular weight and the degradation rate per 
unit weight of the material being depolymerized remain constant. 


In the polymerization of methyl methacrylate, chain termination usually occurs by disproportionation [4], 
and therefore half the macromolecules have a double bond at one of their ends. It is natural to assume that the 
primary activation consists of the removal of an allyl radical from the end of the chain. 


COOCH; COOCHs COOCHs 
| | 
~ CH, — C — CH, — C— CH = C - 


a, CH, = Cis 
COOCH,; COOCH, COOCH, COOCH, (1) 
+ ~ Cth, =~ Cth, — C= . += 0H ¢. 
CHy CH, CH CH, 


This process requires the expenditure of much less energy than the rupture of an ordinary C—C bond, as con- 
jugation energy, which may reach 23 kcal./ mole, is liberated in the removal of the relatively stable allyl radical 
[5]. In order to prove that a double bond is needed for end initiation, Melville and his co-workers used different 
methods of polymerization (photochemical activation, polymerization with chain transfer) whereby it was possible 
to regulate the number of molecules with terminal double bonds. It was found that only the macromolecules con- 
taining double bonds are degraded at 200-250°. Finally, Brockhaus and Jenckel [6] confirmed this by direct che- 
mical experiment — by permanganate determination of the number of double bonds in the polymer in parallel 
with determinations of the degradation rate. 


This is not the only reaction in the degradation of PMMA. The other half of the PMMA, without terminal 
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double bonds, is degraded only at temperatures of 280° and over. Similar behavior is shown by a polymer with the 
chain ends blocked (for example, by diphenyleyanomethyl [2] or OH [7] groups). The activation energy in the de- 
gradation of such a polymer is 47 kcal./ mole [2]. The kinetics of the degradation of high-molecular PMMA (M = 
=6: 10°) [8] differs considerably from that studied by Melville. The degradation proceeds with difficulty, requires 
temperatures of the order of 300° and over, and its activation energy, according to Madorsky [8] is 55 kcal./ mole. 
According to Hart [9], the process is accompanied by a sharp decrease in the molecular weight of the polymer, i.e., 
internal chain rupture takes place, 


The present investigation consisted of a detailed 
study of the degradation kinetics of high-molecular PMMA 
(M = 4+ 10%) which is now used in technology. In addi- 
tion, the influence of oxygen, monomer, and various ad- 
mixtures on the degradation was studied, in order to link 
the simplest model experiments in vacuum with the de- 
gradation of the polymer in practice; possible methods 
of inhibiting degradation were studied. 


The apparatus used for the kinetic studies of the 
degradation of polymethyl methacrylate was the same in 
principle as that used by Melville and Grassie [2]. The 
vacuum vessel (Fig. 1) contained a suspended shallow 
brass or nickel cup 2, the temperature of whichcould be 
kept constant by means of the heater 4 and the resistance 
thermometer 3. The temperature of the cup was measured 
by means of the thermocouple 5. A thin layer of polymer 
in the form of dust (30-50 mg in all) was put on the sur- 
face of the cup. The thickness of the layer (2-3 mg/ cm’) 
was such that diffusion of the monomer through the polymer 
did not interfere with the kinetics of the process. The 
course of degradation was studied by means of a Pirani 
manometer, which was used to measure the pressure of 
monomer vapor in the vessel. The liberated monomer 
was collected in a trap cooled in liquid nitrogen. The 
resistance of the tubes between the reaction vessel and 
the trap was such as to give a vapor pressure of the order 


Fig. 1. Vacuum reaction vessel. of 10-2 - 10°‘ mm in the vessel. The Pirani manometer 
1) Molybdenum leads; 2) cup with was calibrated against a stream of monomer, and the 
polymer; 3) resistance thermometer; readings were recorded by means of a recording potentio- 
4) heater; 5) thermocouple. meter. In addition, an independent calibration was carried 


out in each experiment. The kinetic curve was integrated, 
and its area was compared with the decrease in the weight of the polymer at the end of the experiment. The inde- 
pendent calibrations usually did not differ from each other and from the calibration against the monomer by more 
than 3%, This seemed to us a better method than the use of the McBain balance [8, 8], as it is possible to use thin 
layers of polymer, with elimination of diffusion effects and better temperature control. 


In addition to the degradation kinetics, changes in the molecular weight of the polymer, and also the mole- 
cular-weight distribution in some cases, were studied, The determinations were carried out in ethyl acetate solution: 
by means of the ultracentrifuge at 40,000 r.p.m.; the calculation methods developed in our laboratory [10] were 
used. In the case of ethyl acetate, the molecular weight is calculated from the sedimentation constant Sy by means 
of the formula Sp = —0.06 2 0.0267M (Sp in Svedberg units). 


Two types of polymer were studied; high-molecular PMMA (Mp = 3,700,000) obtained by block polymeriza- 
tion with benzoyl peroxide at 50° (polymerization time about 7 days), and low-molecular PMMA (My = 250,000). 


RESULTS AND DISCUSSION 


In the kinetic. graphs in Fig. 2 the degradation rate (rate of evaporation of the monomer) is plotted as a func- 
tion of the precentage degradation of the polymer at temperatures up to 300°. It is seen that degradation stops at 


382 


36% in the case of the low-molecular, and at 5- -10% in the case of the high-molecular PMMA. This is undoubtedly 
degradation at the chain ends, or the first mechanism considered by Melville. The probable reason why 50% degra - 
dation, which is to be expected from the data of Melville et al. [2], was not reached is that for our relatively long 
macromolecules the kinetic chain is shorter than the material chain. 


Fig. 2, Degradation rate of PMMA in vacuum, calculated on the original 
weight of the polymer, as a function of the percentage degradation at 
temperatures below 300°; 

1, 2, 3) low-molecular PMMA; 4, 5, 6) high-molecular PMMA. 


Let us consider the process of chain depolymerization in greater detail. Initiation occurs at the end of the 
macromolecule containing a double bond. This is a monomolecular process which conforms to the equation 


dn/dt = —kyn, (2) 


where k, is the initiation rate constant; n is the number of molecules which are capable of activation (in this case, 
with double bonds at the ends). 


The rate calculated on the original weight of the polymer is 


dc dn 
wo de ee 


where a is the amount of monomer evaporating as the result of each act of initiation. 


Elimination of time from Equations (2) and (3) gives 


ae a c j (4) 
where c is the amount of evaporated monomer relative to the initial weight of the polymer (degree of degradation). 
Substitution of (4) into (3) gives 

de | dt = — ky (any — ¢). (5) 


This accounts for the linear course of Curves 1, 2 and 3 (Fig. 2). When all the molecules with double bonds have 
been consumed, i.e., when the degree of degradation reaches the value c= ano, degradation ceases (ac/ dt = 0), 
However, this occurs only at constant chain length, i.e., when the material and kintetic chains are equal. In the 
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case of the high-molecular sample, marcroradicals are formed during initiation of degradation, and a chain reac- 
tion develops. The mte of the over-all process per unit weight of polymer at time t is 


dv | dt = kyy, (6) 


where yp is the macroradical concentration; k, is the rate constant of chain growth. However, the macroradicals 
are containuously lost as the result of disproportionation (as was shown by Bamford and Jenkins [4]; recombination 
of PMMA macroradicals is improbable). The concentration is determined by the quasi-equilibrium condition 


kev? = hyn, (7) 
where kg is the termination (disproportionation) rate constant. Hence 


v= V kin | kg 
and 


a Vo (8) 
“dt =k ka n. 


The activation energy of the over-all process is given by the expression 


w= + Up. (9) 


The activation energy of the termination reaction ug is known from Melville's experiments [11]; its value 
is 1-2 kcal./ mole. The activation energy of chain propagation u, was measured in the same investigation and 


Fig. 3. Variations of the degradation rate of high-molecular PMMA in vacuum, 
calculated on the original weight of the polymer, with time (a) and degree of 
degradation (b) at temperatures above 300°. 


also by Hajime Miyama [12]; its value for the polymerization of methyl methacrylate is 6.5 kcal./ mole. It is 
clear that in the reverse reaction of depolymerization, the activation energy of chain growth must have the same 
value plus the heat of reaction (13 kcal./ mole), Hence ug = 20 kcal./mole. Therefore the energy of initiation 
is 

uy = 2(u — uy) + us = 2 (u — 20) + 2 = 2(u — 19) kcal/ mole, (10) 


The macromolecules with double bonds are completely depolymerized, or in other words exactly 50% of the polyme 
is degraded by the first mechanism, only if disproportionation has no time to take place (with short material chains) 
If the material chain is long, each act of disproportionation results in the formation of one active chain end from 
two; i.e., the number of ends capable of activation gradually diminishes and the process dies down rapidly without 
producing much effect; this accounts for the fact that only 36% of low-molecular and 5-10% of high-molecular 
PMMA is degraded by the first mechanism (Fig. 2). The activation energy of chain depolymerization calculated 
from our data is 28 kcal./ mole, which is 4 kcal./ mole less than the values given by Melville [2]. This is evidently 
because of the higher molecular weight of our samples, and the correspondingly more prominent role of the termina 
tion reaction. 
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We now wi bea the second mechanism of PMMA degradation. Data for high-molecular PMMA at tempe - 
tatures above 300° are plotted in Fig. 8, a and b. The variation of the molecular weight of the same sample with 


the Beeres of degradation is plotted in Fig. 4; the given degrees of degradation were reached at 280 and 400° 
respectively, in correspondingly different times. 


Fig. 4. Relative variations of the mo- Fig. 5. Graph for calculation of the 
lecular weight of PMMA with the degree activation energy of degradation of 
of degradation (in vacuum)s: high-molecular PMMA in vacuum 

1, 2, 3, 4) from the data of Grassie at temperatures above 300°. Points 
and Melville [2]; 5) degradation of found by the method of least squares: 
PMMA at 280°; 6) ditto, at 400°. 1) by the step method; 2) from the 


maximum rates (Fig. 8). 


The degradation rate increases for 1-1.5 hours to a maximum, when it reaches 15-30 times its initial value 
(Fig. 3, a), if the first maximum on the kintetic curves, resulting from rapid chain depolymerization to a maximum 
degree of degradation of only 5-10%, is ignored. This maximum is reached on all the curves approximately at the 
point at which about 25-30% of the polymer has been degraded by the second mechanism under consideration (Fig. 
3, b). The degradation rate then decreases smoothly, Near the point of total depoly merization (100% breakdown) 
the kintetic curves become linear and all cross the abscissa 
axis at 100% degradation. This characteristic picture can 
be correlated with the course of the molecular-weight va- 
riation. It may be asserted that chain depolymerization 
down to the monomer by the second mechanism, namely, 
at higher temperatures, also commences at the ends of the 
molecules, although without unsaturated bonds. The slow 
development and acceleration of the process in the high- 
-molecular polymer as its internal bonds are broken (Fig. 
3, a) i.e., as chain ends accumulate, is sufficient to show 
that the hypothesis of initiation at the chain ends is highly 
probable. If the reaction is frozen at a particular instant, 
and then brought back to the same temperature, the kinetic 
curve always continues from the point at which the process 


was halted. 


Fig. 6. Variation of the reciprocal 
relative molecular weight with times Further, low-molecular PMMA is degraded more ra- 


pidly than the high-molecular polymer at high temperatures. 
The difference in the rate approximately corresponds to 

the difference of molecular weights at the given degree of 
degradation. 


1) Mp = 5,030,000 at 320° [9]; 
2) My = 3,700,000 at 400°; 
3) Mo = 146,000 at 150° [9]. 


It was of interest to determine the activation energy of the high-temperature degradation. Because of the 
complex nature of the over-all kinetics, the following procedure was used. In our apparatus the temperature be- 
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comes equalized in 4-5 minutes. At the end of this period a constant degradation rate became established. If we 
waited tens of minutes or several hours, the rate would vary according to the curves already discussed. However, 
we did not wait for these changes but raised the temperature again; this gave a new step in the increase of the 
rate, etc. The ordinary In(dv/ dt) = {(1/T) graph of the Arrhenius type is plotted in Fig. 5. The calculated acti- 
vation energy u = (53+ 2) kcal./mole is in good agreement with Madorsky’s results [8]. It is clear that this method 
cannot be very accurate, since we are dealing with an over-all process with complex kinetics. However, the value 
obtained is very interesting and can be analyzed to some extent. Substitution of this value in Equation (10) gives 
uy = 68 kcal./ mole, which is close to the energy of rupture of the C—C bond. A similar conclusion was reached 
by Simha [13] in his analysis of the degradation of polystyrene — a process with very short kinetic chains (kinetic 
chain length 4-5), This is highly important in relation to possible inhibition of polymer degradation, It is clear 
that spontaneous rupture of C—C bonds cannot be prevented by any means, It is only possible to attempt to inter- 
fere with the growth of the chain reaction which follows the rupture of the C—C bond. 


Analysis of the reaction kinetics. For quantitative analysis of the kinetics of high-temperature degradation, 
we introduce certain simplifications into the kinetic equations. In the consideration of the change of molecular 
weight, it is sufficient as a first approximation to consider only the rupture of internal bonds in the chains, chain 
degradation down to the monomer being ignored. Fig. 5 shows that at 50% degradation the molecular weight is 
decreased 20-fold. Therefore chain depolymerization is by no means the main and basic cause of the decrease 
of molecular weight. Let us consider a macromolecule of the original polymer with molecular weight My. The 
number of molecules in 1 g of polymer is 1/ M (M is the average molecular weight at time t). Each time a C—C 
bond is broken, a new molecule appears. The number of broken bonds is 


t= VY Mise 1/ Mp. 
Since 1/ My « 1/M (in our case 1/ M = 0.05/ M), 
t= 1/M. (11) 


The number of unbroken bonds is 1/M —'1 & 1/ M, as 2 = W/M« 1/ u, where p is the molecular weight of the mo- 
nomer. The number of broken bonds is given by the kinetic equation 


dl 4 
at = k, ara (12) 
the solution of which is 
k 1 
f tei ae fal 
U 2s 0 
or 
M k 
et 4 sg. (13) 
M, a iv ; 


Fig. 6 shows that this theoretical conclusion is confirmed experimentally, i.e., M/ Mp is a linear function of 
time. The second theoretical conclusion relates to the nature of the molecular-weight distribution. It is known 
from the work of Kuhn and from many subsequent investigations that random breakdown of bonds in the chain should 
result in a Poisson distribution 


dw 
quiM) sgypose Bien OM, (14) 
where qyw(M) is the weight distribution function; dw is the relative weight of the macromolecules in the range from 
M to M+ dM; 8 is a distribution parameter, equal, for a function of the form of (14), to the reciprocal number- 
average molecular weight. Fig. 7 shows that the initial distribution is very far from this. As degradation proceeds, 
the distribution becomes very close to that expected. Therefore the concept of random rupture of internal bonds 


in the chain is confirmed by experimental data. 


Kinetic equations for monomer yield. Consider the expression for the degradation rate per 1 g of polymer. 
Since in high-temperature degradation initiation also occurs at the chain ends, although the ends no longer contain 


double bonds (i.e., every molecule can be activated), it follows that n= 1/ M or n= 2, and in accordance with 
Equations (11) and (12) the expression becomes 
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(12a) 


Ba Bala Ve "a 
dn u ky Fes (15) 


If stead of the degradation rate per 1 g of polymer we use the rate determined by direct experiment, relative to 
the initial weight of the polymer, we have 


d 
& = (1—c) R= K(t—on'k (16) 
or 
2 : : 
In (4 —c) = ~~ K (nk — ng’). (17) 


Since ny « n, 
(1 — 0) = ether’ 

We then have the following expression for the degradation rate: 

dc — = Kr'le 

—_ = Ke 3 n'le (16a) 

dn : 
i.e., a curve with a maximum. 

Differentiation readily shows that at the point of the maximum rate n*/, = 1/ 2K, and the degree of degra- 
dation is 
1 
Cmax = 4 rm REP = 0,285. (18) 


This position of the maximum along the c axis is independent of the kinetic constants, i.e., of the tempera - 
ture. Therefore the maxima on the kinetic curves should always be found in the same value of c = 0.285. The 


Jol M)*10° q,(M)x10" 4, (ul) x10 
4 4 6 


a 610 0 2. 4M? 


Fig. 7. Variation of the molecular-weight distribution of high-molecular PMMA 
as degradation proceeds: 
1) original sample; 2) 24.4% degradation; 3) 65.4% degradation. 


difference between the theroretically predicted and experimental values (Fig. 3, b) is not significant if the value 
of the degradation by the first mechanism, which is 5-10% according to Fig. 2, is subtracted. The activation 
energy of the over-all process has already been considered. It can also be calculated by another method, from 
the maximum rate of degradation (dv/dt),,,,- Points corresponding to the maximum rates on the curves in Fig. 
8 are plotted in Fig. 5. These points evidently correspond to our value of the activation energy. 


Effect of oxygen on the degradation of PMMA. It is known that oxygen greatly influences polymerization, 
accelerating it in some cases [14, 15] and retarding it in other [16]. Madorsky [8] refers to only one experiment 
in presence of oxygen. It was therefore of interest to study the effect of oxygen on the degradation of PMMA in 


greater detail. 


Fig. 9 shows relative weight loss — temperature (°C) curves for PMMA powder (grain size ~ 0.1 mm) and 
a block specimen (~ 5 mm), after the specimens had been heated in an air thermostat for 6 hours. A curve for 
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the degradation of the powder in vacuum is given for comparison. Several experiments were also performed with 
an inert gas (argon). As usual, the relative weight loss is taken as the degradation rate (in the case of PMMA in 
block form this may give a low value for the degradation rate, if the monomer cannot all escape from the block 


( 
during the experiment for any reason). 


Fig. 8. Variation of the degradation 
rate of high-molecular PMMA in 
vacuum, calculated for the weight 

of polymer at each given instant, with 
the degree of degradation at tempera - 
tures above 300°, 


00C 


Fig. 9. Variation of degradation of 
high-molecular PMMA in 6 hours with 
the temperature; 

1) Powder in vacuum; 2) block in air; 
3) powder in air. 


In absence of oxygen there is no significant difference between the degradation kinetics of PMMA in powder 
and in block form, whereas in the degradation of PMMA in air (at 200°, Fig. 9) oxygen has a strong inhibiting 
effect on the degradation of PMMA powder and accelerates the degradation of the block specimen; i.e., oxygen 
displays its dual character in degradation also. It was found in experiments with air circulated under various con- 
ditions that when PMMA powder is degraded in air, volatile products are formed which greatly accelerate the de- 
gradation. Oxygen inhibits degradation almost completely if these volatile products are totally removed, 


TABLE 1 


Molecular Weights of PMMA Samples 
(degradation at 180° in air) 


Rupture of 
molecular 
chains (%) 


Type of polymer Molecular 


Original polymer 


Powder 863,000 
Block 284,000 
Block 38,000 


It has been shown in studies of polymerization 
{14-16] that molecular oxygen terminates the kinetic 
chains by reacting with free radicals. However, this 
results in formation of peroxides and hydroperoxides 
which can themselves decompose and initiate new 
chains. In a number of experiments we deliberately 
introduced peroxides and hydroperoxides into PMMA; 
the polymer was dissolved together with benzoyl per- 
oxide or isopropylbenzene hydroperoxide, films were 
cast from the solutions, and subjected to degradation 
in vacuum. Introduction of hydroperoxides increases 
the degradation rate only during the first instant, as 
these substances are unstable at the experimental tem- 


‘peratures used. When PMMA is degraded in presence of oxygen, peroxides are continously formed and continuously 
give rise to new radicals, capable of breaking the polymer chains [17], i.e., of initiating degradation. In condi- 
tions of free circulation of air, when the volatile products are removed from the polymer surface, the role of oxy- 
gen reduces merely to termination of the kinetic chains, with a consequent very sharp decrease of the depolymeri- 
zation rate (Curve 3, Fig. 9). Table 1 gives the molecular weights of PMMA heated in air; it is seen that the 
average degree of polymerization of a sample which lost almost no weight (powder), decreases. In other words, 

in presence of oxygen the molecular chains are ruptured internally, but this is not accompanied by appreciable 


depolymerization. 


Oxygen is almost insoluble in PMMA, and therefore penetrates only slightly into a block specimen; its 
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inhibiting effect is confined to a thin surface film, where its concentration is relatively high. On the other hand 
peroxide catalysts dissolve, diffuse into the specimen, and result in violent degradation of the block. It fs eres 
fore not surprising that the degradation of a block of PMMA depends on its linear dimensions (Fig. 10). So long 

as the specimen is fairly thin, its breakdown is independent of the dimensions, and the breakdown rate is very low, 
as oxygen inhibits degradation and the substances which initiate it volatilize. If the size of the specimen is such 
that not enough oxygen is present in its center for termination of the kinetic chains, inhibition is replaced by ac- 
celeration, Degradation then increases in proportion to the volume, as the region into which the catalysts can pe- 
netrate, but where not enough oxygen is present to terminate the reaction chains, increases. Finally, if the block 
is quite large, the degradation occurs mainly near the surface, i.e., the weight loss is proportional to the square 

of the linear dimensions of the block. Therefore the degradation rate (weight loss/ total weight x time) should 
decrease linearly with increase of the size for fairly large blocks (Fig. 10). 


Influence of monomer on the degradation kinetics. Quasi-equilibrium. In the investigations of the influence 
of the monomer on the rate of thermal degradation, definite known amounts of monomer were added to the polymer, 
For this, small blocks of the polymer (5 X 5 X 8 mm) were sealed together with the monomer in glass bulbs, and 
left to swell in the monomer (in absence of air) at 120° for 24 hours. 


Fig. 10. Effect of block size on the degradation Fig. 11, Effect of monomer on the degra- 
of high-molecular PMMA on heating in airg dation of high-molecular PMMA} 

1) 6 hours at 200°; 2) 4 hours at 200°; 1) block in air 7 hours at 216°; 2) block 
3) 6 hours at 180°. in vacuum, 6 hours at 264°. 


When PMMA is degraded in air at 216° a substance which initiates kinetic chains is formed, while the mo- 
nomer present in the polymer inhibits degradation (Fig. 11, Curve 1) by combining with the free radicals, thus 
directing the reaction toward polymerization. Moreover, these experiments show that during the swelling of the 
specimens the monomer remained as such, i.e., it did not polymerize. In the degradation of PMMA in vacuum 
(Fig. 11, Curve 2), the rate of loss of volatile products remains almost unchanged by addition of monomer. The 
only possible explanation is that the added monomer is completely polymerized at 264° before the polymer under- 
goes appreciable degradation, and is subsequently degraded in the same way as the rest of the polymer. 


Therefore, if polymerization proceeds at an appreciable rate together with depolymerization at high tem- 
peratures in the system polymer—monomer, a state of quasi-equilibrium should exist in a closed system; i.e., a 
constant concentration m ofthe monomer should be established at which the polymerization rate is equal to the 
rate of monomer removal from the polymer 


where ) is the concentration of the macroradicals, and a and b are rate constants; hence 


A Bins Ur Us 
= —'e RT = const, (20) 


n=> 
b Xo 


where uy — uy, is the heat of polymerization. 


Experiments to test this conclusion were carried out in airtight stainless-steel ampoules in absence of air; 
the results are given in Table 2. The ampoules were kept ina thermostat at 180-280°. For determination of the 
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monomer concentration, films of the polymer (not more than 0.1 mm thick) cast from benzene solution on glass 
were dried in air at 105°. 


Table 2 clearly shows that the final concentration of monomer in the system is independent of the initial 
monomer~—polymer ratio. 

TABLE 2 

Degradation of PMMA (M = 250,000) in Stainless-Steel Ampoules in 24 Hours 


Before heating After heating 


relative amounts (%) of temperature relative amounts (%) of molecular 
) to;*C weight 
monomer polymer monomer polymer 


0 100 183.6 11.7 88.3 120,000 
0 100 183.6 11.6 88.4 100,000 
60 40 183.6 11.1 88.9 150,000 
0 100 210 19.9 80.1 55,000 
0 100 210 23.5 76.5 80,000 
40 60 210 15.8 84.2 130,000 
50 50 210 35.2 64.8 85,000 


Therfore "quasi-equilibrium” was attained because degradation predominated in some ampoules and polymeri- 

zation in others. The variation of the "quasi-equilibrium" concentration of monomer with the temperature does 

not correspond to that expected on thermodynamic grounds. Ivin[18], who studied this type of equilibrium with 
continuous photochemical activation of the system, plotted true equilibrium curves and determined the real heat 

of reaction uy — uy. In the quasi-equlibrium under consideration, only a relatively small “live” proportion of the 
polymer with double bonds at the chain ends capable of activation of the temperature of the experiment, parti- 
cipates in the polymerization—depolymerization processes. Therefore the thermodynamic relationships derived 

for true equilibria in which the system as a whole participates are inapplicable in principle to this instance. 


Inhibition of degradation. Suppression of the thermal degradation of PMMA is a question of practical im- 
portance. Our experiments permit a planned approach to the problem of inhibition of PMMA degradation. Since 
the thermal degradation of PMMA is a chain reaction which proceeds as the result of formation of unstable free 
radicals, substances which form stable compounds with the macroradicals formed may inhibit the process. Nonpoly- 
merizing [19] compounds” of the vinyl series were tested for this purpose; diphenylmethacrylamide, methylphenyl- 
methacrylamide, dimethylmethacrylamide pentachlorostyrene, p-methoxyphenylmethacrylamide, and p-epoxy- 
phenylmethacrylamide [20]. It was presumed that these substances should give rise to stable radicals by combining 
with the free radicals. In addition, the effects of phenanthrene, triphenyltin, tetraallyltin, and tetraphenyltetrazen 
on the degradation of PMMA were investigated; it was presumed that they are capable of forming inactive radicals 
which would trap the macroradicals. 


The effects of these substances on the thermal degradation of the polymer were studied under conditions in 
which the degradation of the polymer is particularly rapid: the polymer was taken in block form and heated in 
air. Pieces of PMMA of equal size (about 4 X 4 X 2.5 mm) were first put into glass ampoules with various amounts 
of the substances to be tested. The ampoules were sealed and kept for a week in a thermostat at 120-130°; the 
percentage of inhibitor absorbed was then determined by weighing. After this the specimens were placed in a 
thermostat heated to 200° (the temperature was 245° in the investigation of the effect of tetraphenyltetrazene on 
degradation), and the course of the degradation of PMMA was determined, The results of these experiments are 
given in Table 3. 


The results of the experiments show that additions of 2-4% of methylmethacrylamide, p-ethoxyphenylmetha - 
crylamide, and p-methoxyphenylmethacrylamide decrease degradation 6-to7-fold. Phenanthrene also decreases 
thermal degradation to a considerable extent. 


* We take the opportunity of expressing our sincere thanks to T. A. Sokolova for supplying these substances. 
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TABLE 3 


Inhibition of the Degradation of PMMA in Air 


Amount of Weight loss of PMMA, % 


Inhibitor | inhibitor 
in 6 hr. jin 12.5hr)ini17hr. | in 23 hr. 
Polymer without inhibitor = 32,2 50.5 59.5 66,5 
Diphenylmethacrylamide 2,8 8,4 14,8 | 20.6 | 28.8 
Ai a 10,6 11,6 12,0 
Methylphenylmethacrylamide 4 q 4.7 eo re rr bs 
rir ue 8,3 10,3 42,3 
: ’ ry 6 ’ 
Dime thylmethacrylamide 405) 2122 i0'4 La 7 ss 
er fae | ae] Be | Be 
: ; ; 9,5 10,8. 
p-Methoxyphenylmethacrylamide 3,9 6,0 8,0 9,0 — 
Bie 6,9 7.9 8,9 oF 
«WARS 9,8 10,7 iN Be) — 
p-Ethoxyphenylmethacrylamide 2,8 6,9 9,2 10,2 _- 
6,3 8,1 9,2 9,6 = 
12,6 10,1 10,9 41,9 — 
Pentachlorostyrene 2,2 22 45,1 96,0 63,5. 
0,3 20,9 38 ,8 49,2 08,95 
6,4 16,5 35,9 46,3 55,0: 
Phenanthrene Sigel 6,36 10,6 170 26,4 
5,8 7,05 8,3 9,1 ey 
, 11,8 8,9 10,2 444 16,4 
Triphenylallyltin 1,66 17,6 38,6 49,4 56, 2. 
7,8 9,3 13,8 18,2 21,4 
Tetraallyltin 1,4 26,0 44,0 DosO 59,0 
oe 6,8 es aS eae 
in 18 hours in 24 hours 
Tetraphenyltetrazene 0,0 95,0 96,9 
0,53 84,6 88,0 
2,48 23,9 67,8 


Determinations of molecular weight showed that despite the low degree of degradation (in terms of weight 
loss) the molecular weight falls sharply during breakdown of the polymer with added inhibitors. This is a very 
significant result, as it demonstrates directly that inhibitors only prevent chain depolymerization but cannot pre- 
vent rupture of the molecular chains. 


SUMMARY 


1. There exist two mechanisms in the degradation of polymethyl methacrylate (PMMA) in vacuum — a low- 
temperature mechanism (T < 300°), with an activation energy of 28 kcal./ mole, which is a simple reversal of the 
polymerization process with chain depolymerization starting at chain ends carrying double bonds; and a high- 
temperature mechanism (T > 300°), with an activation energy of 53 + 2 kcal./ mole, involving random rupture of 
internal C — C bonds. This process leads to the formation of new ends at which chain depolymerization starts again. 


2. Oxygen accelerates degradation on the one hand, probably by the formation of peroxides and hydroperoxides, 
decomposition of which initiates degradation. On the other hand, oxygen acts as a deactivator of free radicals, 
terminates the kinetic chains, and inhibits degradation. 


3. At 180-280° both depolymerization and polymerization take place in the polymer—monomer system; 
{.e., quasi-equilibrium is established in a closed system, when the depolymerization rate equals the polymerization 
rate. 

4, The monomer suppresses degradation of PMMA in presence of oxygen, as it directs the reaction toward 
polymerization by combining with radicals formed by decomposition of the catalysts. 


5. The degradation of PMMA can be suppressed by addition of certain nonpolarizing compounds of the vinyl 
series (p-methoxyphenylmethacrylamide, p-ethoxyphenylmethacrylamide, diphenylmethacrylamide, etc.) capable 
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of yielding inactive radicals which trap the macroradicals. 


Institute of High-Molecular Compounds Received October 21, 1957 
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NATURE OF THE REACTION OF ALUMINUM NAPHTHENATE FORMATION 


2. PREPARATION OF ALUMINUM NAPHTHENATE BY THE MIXING OF A SUSPENSION OF ALUMINUM 
HYDROXIDE WITH AN EMULSION OF NAPHTHENIC ACIDS 


D. F. Vasil’ev 


Conductometric and potentiometric investigations [1] showed that the so-called exchange reaction between 
potassium or sodium naphthenates and aluminum sulfate comprises the following processes: 


1) neutralization of the alkalinity of the naphthenate soap according to the equation: 
6NaOH[+ Na,COs]+ Al,(SO,4)3 == 3Na,SO4+ 2AL(OH)s3[+ H,O + CO,]* 

2) formation of aluminum hydroxide and an emulsion of naphthenic acids; 

3) mutual adsorption of particles of Al(OH)3 suspension and naphthenic acid emulsion; 

4) precipitation of the adsorption complex, an emulsosuspensoid, in the pH range 7-6.** 


From this it was concluded that aluminum naphthenate (AINp) can be made by the mixing of Al(OH), suspen- 
sion with an emulsion of naphthenic acids. 


Preparation of aluminum naphthenate. The following materials were used for the preparation of AlNps: 1) 
a solution of naphthenate soapcontaining 7.2% naphthenic acids, with total alkalinity 2.8%{1]; 2) a mixed 
solution of H,SO, and HCl containing 0.75 g-equiv./ liter, made by dilution of a mixture. of the composition 3.2% 
H,SO,4, 8.92% HCl; 3) a suspension of aluminum hydroxide, made by the addition of caustic soda solution to alu- 
minum sulfate solution. For purification of the suspension the Al(OH) 3 precipitate was washed repeatedly with distilled 
water until its specific conductance fell to y = 2- 107° ohm~4cm™! (pH 5.6). The suspension contained 12.4 g of 


Al(OH)s per liter. 


For preparation of AINp by the new method, about 0.7 liter of the mixed acid solution was added carefully 
to 1 liter of the naphthenate soap solution with stirring at room temperature. Partial neutralization of the naph- 
thenate soap of pH 7.8-7.5 gave a highly disperse emulsoid sol of a milky yellow color, containing 4.5 to 5% of 
naphthenic acids. This sol was mixed with 2 liters of thoroughly suspended aluminum hydroxide. A milk-white 
‘emulsosuspensoid sol was formed; the mixed acid solution was added to it in small portions until the system was 
coagulated (to pH 6.0). Coagulation of the system by the acid mixture is best carried out with short interruptions; 
it is found that the almost monodisperse sol gives rise to a system containing aggregates of uniform size if the mix- 
ture is thoroughly stirred on addition of the acids. The gradual growth of particle size during the coagulation is 
easily regulated by control of the rate at which the acid is added. 


When the aggregates reached 1-1.5 mm in size (at pH 7.0-6.5), they began to coalesce, joining by their 
surfaces to give a spongy mass in the form of lumps, which readily disintegrated into aggregates of the former 
size when pressed lightly with a glass rod. This completed the actual preparation of ALNp. 


The emulsosuspensoid is completely precipitated as the result of the gradual decrease of pH by the addition 
* As in original [Na,COg] should probably be [H,CO3] — Publisher. 


**® Trapeznikov and Belugina [2] also admit the possiblity of formation of adsorption compounds of aluminum hydro- 
xide with organic acids, as well as the formation of compounds by the ordinary ionic double decomposition. 
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of acid, forming a flocculent soft porous precipitate in a completely clear liquid. 


If this precipitate is boiled for 20-30 minutes in the dispersion medium at pH 6, a very porous product in the 
form of a brittle sponge is easily obtained. If the boiling in the dispersion medium is omitted and the product is 
washed with cold water, it shows some tendency to cake, It is then less spongelike in structure, but can also be 
easily powdered when dried to constant weight at 85-90°. The weight of the dried powder is almost exactly equal _ 
to the sum of the weights of the sesquioxide and the naphthenic acids (within the limits of experimental error). 


Samples made by this method, and additionally boiled or washed with cold water, differ from samples made 
by the method of double decomposition in giving solutions of excessive viscosity (which form gels). For studies 
of viscosity changes in the systems the AINp concentration must not exceed 1/, of the concentrations used with 
samples made by the usual method. 


The following analytical data were obtained for a sample made by the method described: 


NOON ara oa rte ss fo ts 21.8% Residual 60, '. <p eces 3 =. (O30% 
Moistikey <Vocu aso: oe leo AL: teeth eae maken cones eet 11.2% 
Gee Aree etme eee i absent 


It is seen that Cl” was not detected in the product, although the acid mixture contained a considerable 
amount of HCl when used for coagulation of the system. It is likely that if hydrochloric acid alone is used for 
neutralization of naphthenate soap the AlNp samples obtained would be quite free of residual SO4. The ash ob- 
tained from the powder consists almost entirely of A1,O3. 


Aluminum naphthenate is used in various branches of industry [3]. Its ability to form viscous and stable so- 
lutions and gels in mixtures with hydrocarbons is often used as a measure of its quality. We compared the viscosities 
and stabilities of AINp samples made by double decomposition and by the new method. The samples were made 
with great care in the laboratory and dried to equal moisture contents. A light petroleum fraction was used as 
solvent. A high-quality industrial sample made by double decomposition was.taken for comparison. 


The Table shows that the sample made by the new method compares favorably with the samples obtained 
by double decomposition. 


Properties of 2% Solutions of Aluminum Naphthenate Made by Different Methods 


, Viscosity in 
Method of preparation : y 
poises 


Stability of systems 


Industrial Double decomposition 0.25 System broke down after 
20 days 

Laboratory Double decomposition System broke down after 
30 days 

Laboratory Coagulation of a mixture of Viscosity fell to 1.13 poises 


Al(OH)3 suspension and 
naphthenic acid emulsion 


after 90 days 


Advantages of the new method for preparation of AINp over the method of double decomposition. When 
AINp is precipitated by Al,(SO,)3 solution from naphthenate soap by the double -decomposition reaction, the pre- 
cipitate formed is inevitably polydisperse. At the start of the precipitation, at high pH, very fine particles of 
Al(OH)3 and emulsified naphthenic acids are formed; their mutual adsorption gives a very fine suspension of AlNp. 
As the pH of the medium decreases, the precipitate particles increase very irregularly in size. At the points where 
fresh portions of the aluminum sulfate enter, rapid local coagulation occurs, which inevitably leads to formation 
of lumps in which both the naphthenate soapand the Al,(SO,)s solution are trapped. It is therefore very difficult 
to obtain a product of reasonably uniform composition, especially under production conditions. The relative pro- 
portions of Al(OH) 3 and naphthenic acids, and the amounts of impurities (electrolytes) in individual flakes and 
lumps, both vary considerably. The individual particles, flakes, and lumps also vary considerably in size. There 
are particles of microsopic dimensions and lumps up to several centimeters in diameter. The formation of lumps, 
often very large, is common in production; it often leads to breakdowns of rapidly rotating stirrers. 
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All these difficulties and disadvantages of the physicochemical formation of the precipitate are eliminated 
in the production of AlNp by the new method. First, if the Al(OH)g is thoroughly purified (pH ~ 6), it is completely 
free of impurities such as basic salts of aluminum, and sodium sulfate. Much smaller amounts of sodium sulfate 
are formed in this method from naphthenate soaps of the same alkalinity, Therefore the amounts of contaminating 
salts can be reduced to a minimum. The second advantage of the new method is that the particles of the precipi- 
tated A1Np are very uniform in size. The mixing solutions (emulsion and suspension) are not polydisperse, and the 
interaction between the particles is more complete. The grains or nuclei of the emulsosuspensoid retain their initial 
size during the coagulation of the whole product, and become joined into a porous sponge. 


The product formed by this method of mixing of the original solutions is incomparably more uniform in com- 
position than the product made by the usual method. If two highly disperse colloidal systems — an emulsion of 
naphthenic acids, and a suspension of Al(OH)s, are mixed, a new colloidal system consisting of an emulsosuspensoid 
with aggregates of fairly uniform size is formed. Each individual particle of the new colloidal system can be re- 
garded as a nucleus which, by surface adhesion with other such nuclei, forms a lump externally reminiscent of a 
soft sponge. The individual lumps may vary in size according to the rate of stirring, the time of lump formation, 
and the rate of change of pH. Nevertheless, the primary nuclei remain of the same size in each lump. This ac- 


counts for the unusually high porosity of the precipitate and its brittleness when dry, if the relative amounts of 
Al(OH)s and naphthenic acids are suitably chosen. 


In the final coagulation of the emulsosuspensoid by the mixed acid solution it is easy to control the forma- 
tion of particles of a definite size, as the new method is free from the complicating factor found in the old method 
— additional precipitation with decrease of pH, and formation of excess Al,(SO,4)3. The less contaminated and 
porous product is much easier to wash. For example, three washings of the precipitate, even in cold water, reduced 
the specific conductance (X°) of the wash waters from 0.018 to 0.4 - 10-4 ohm~4cm~*, The water used for the 
washing had Xg9* = 0.1- 1074 ohm™4em™*. 


A final important advantage is that this method not only gives products which form solutions of increased 
stability and viscosity, but the powder is free from caking. 
SUMMARY 


1. Products of predetermined ash content and properties can be easily obtained when suspensions of aluminum 
hydroxide and of naphthenic acids are mixed. 


2. This method for the preparation of aluminum naphthenate gives a product of uniform composition, of 
high purity and porosity. 


Moscow Received April 2, 1957 
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STUDY OF THE FOAMING OF MOLASSES 


T. I. Vlasova 


The principal raw material in yeast production is final molasses. A copious and stable foam is formed in 
molasses during the growth of yeast owing to the presence of surface-active substances and to aeration of the mo- 
lasses. Because of foaming, the capacity of the fermentation vats cannot be completely utilized in yeast production, 
and, moreover, because of the abundant foaming,the amount of air necessary for vigorous growth of the yeast can- 
not be blown through. Therefore oleic acid is used for suppression of foaming in yeast production. Despite the 
Soe wart practical interest of this question, there have been very few studies of foam formation in yeast pro- 

uction [1]. 


Therefore the present investigation was carried out with the following objects: study of the foaming of molasses 
solutions; tests of the effects of individual surface-active colloids present in molasses on its foaming; determina- 
tion of the foaming power of a number of colloids. 


Foaming of molasses solutions. The properties of the system were represented graphically on a triangular di- 
agram, which shows the regions of maximum and minimum foaming and foam stability for solutions of different 
compositions [2]. 


As the foam is a three-component system, the relative amounts of each of the three components (air, water, 
and foam former) were varied in the investigations of foam properties, the total amount being kept constant. 


The foam former was a solution of molasses containing 10% solids. Foaming was determined by the shaking 
method. A cylinder with a ground glass stopper, 250 ml in capacity, was filled with calculated volumes (in ml) 
of the three components and shaken by hand for 1 minute, similarly in all cases. The amounts of foam formed 
were measured in milliliters. The results were used to plot the diagram (Fig. 1). 


Fig. 1 shows that the “isofoam" lines, representing equal quantities of foam, have maxima on the “molasses — 
—air” side of the triangle and on all sections of the triangle parallel to this side; the line A—A is drawn through 
the maximum values. The amount of foam formed increases with increasing supply of air, reaches a maximum 
(the line A—A), and then decreases with further increase of the amount of air. 


Fig. 2 represents variations in the stability of the foam with changes in the relative proportions of the three 
components. The most stable foam is formed at low concentrations of molasses. 


From the technological conditions of the fermentation process in yeast production (density of molasses mash 
1-2%, air blown through at about 100 m®* per 1 m® of mash per hour) and the data in the triangular diagram it may 
be concluded that the fermentation process in yeast production approximately corresponds to Points 44 and 50 in 
the triangular diagram; this means that fermentation takes place outside the zone of maximum foaming, but in 


the region of high foam stability. 


Foaming power of the surface-active colloids present in molasses. According to the literature [3, 4], the 
colloids in molasses include mainly the following surface ~-active substances which act as foaming agents ~ caramel, 
acids of colloidal nature (glucinic, apoglucinic, and melassic acids), melanoids, araban, and nitrogenous compounds 
(presumed to be peptones). 

We prepared caramel [5], colloidal acids [6] and melanoids [3]; araban was obtained from sugar-beet pulp 
[7]. These colloids were very similar to molasses in color. The foaming power of each artificially: prepared 
molasses colloid was determined separately, and also jointly, by the pneumatic method [8]. 10 ml samples of 
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5% solutions of the colloids were foamed directly; the foam was measured in milliliters. The results are given 


in Table 1. 


TABLE 1 


Foaming Power and Foam Stability of Individual Colloids of Molasses 


Foam 
stability, 
seconds 


Foam 
formation, 
ml 


Colloids 


Foam 
stability, 
seconds 


Foam 
formation, 


Colloids 


Caramel Caramel, colloidal seal 
acids, and araban 
Colloidal acids Caramel, colloidal acids 8 
Melanoids and melanoids 
Araban upto30 | Caramel, colloidal acids, 11 
minutes melanoids and araban 
Caramel and colloidal 5 Caramel, colloidal 16 


acids 
Melanoids and araban 


28 


acids, melanoids, and 
araban; acidified to 
pH 4.5 


The influence of sucrose, the main component of molasses, on the foaming power of these colloids was 
studied. Of all the colloids tested, only caramel was influenced by the presence of sucrose (up to 50%) in the so- 


lution, the foaming being decreased somewhat. 


molasses solution water 


Fig. 1, Triangular diagram for foaming of 
molasses solutions. 
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molasses solution water 


Fig. 2. Triangular diagram for foam stability 
in molasses solutions. 


The foaming of these colloids was studied directly in molasses solution. To 100 ml of molasses solution, 
containing 5% solids, 5 ml of an aqueous solution of the artificially prepared colloid was added, the solutions 
were mixed and foamed as in the preceding series of experiments. The results of tests of the foaming power of 
molasses solution with additions of the various colloids are given in Table 2. 


It follows from Tables 1 and 2 that caramel and colloidal acids are the most powerful foaming agents of 
all the colloids studied. Foaming is increased in their simultaneous presence, probably because the colloids exert 
a mutual stabilizing effect. A pure solution of melanoids is a poor foaming agent. When mixed with good foam 
formers (caramel and colloidal acids) melanoids somewhat decrease foaming, exerting some measure of antago~- 
nism to the other colloids. It should be noted that the highly colored transparent solution of melanoids had sur- 
face tension almost equal to that of water, in agreement with Kharin's results [3]. The low surface tension may 


account for the poor foaming power of melanoids. 


It was found, however, that when the melanoid solution was stored under sterile conditions it acquired 


foaming power, probably as the result of aging of the colloid. 
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Araban is of considerable interest with regard to foaming. A solution of araban gives rise to a stable foam 


of aes volume. When mixed with other foaming agents (caramel, colloidal acids) it considerably increases foam 
stability and also foam formation, 


SABLE, '2 


Foaming Power of Individual Colloids in Presence of Molasses 


Foam form- 
ation, ml 


90 


Foam stabi- 
lity, seconds 


Addition to molasses solution 


No addition (molasses solution) 


Caramel solution 7 

Solution of colloidal acids 6 

Solution of melanoids 9 

Solution of araban 17 

Solution of caramel and colloidal acids 6 

Solutions of caramel, colloidal acids, 8 
and melanoids 

Solutions of caramel, colloidal acids, 13 
and araban 

Solutions of caramel, colloidal acids, 19 


melanoids, and araban, after 
acidification with sulfuric acid 
to pH 4.5 


This is evidently an example of stabilization in a mixture of colloids, influencing their foam stability and 
foaming power. The effect is especially prominent if the solution is acidified to pH 4.5-4.0. 
SUMMARY 


1. The amount of foam formed on shaking in a molasses solution increases with the amount of air up toa 
a certain maximum, and then decreases again. The volume of foam also decreases with decreasing concentration 
of the molasses solution. 


2. The most stable foams are formed at low concentrations of molasses in the solution. 


3. The fermentation of molasses mash in yeast production takes place outside the region of maximum foam- 
ing, but in the region of maximum foam stability. 


4. The colloidal substances present in molasses can be arranged in the following series of decreasing foam- 
ing power: 
Caramel > colloidal acids > melanoids > araban. 


Scientific Research Institute for 
Agriculture and Animal Husbandry of the Received December 3, 1956 
Western Regions of the Ukrainian SSR, L'vov 
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A STUDY OF THE LAWS OF POLYANIONIC EXCHANGE 


A. T. Davydov and R. Z. Davydova 


The practical applications of ion-exchange chromatography must be based on a knowledge of the quantita - 
tive laws of both cation and anion exchange to an equal degree. Despite the similarity in the exchange behavior 
of cations and anions, and despite the fact that it has been proved that anions and cations conform to the same 
laws [1-3], there have been few investigations of anion exchange. The probable explanation for this situation is 
that investigations of the exchange sorption of anions, in contrast to cations, could be performed only with synthetic 
anion-exchange resins, as no natural anion exchangers which might be of industrial importance have yet been 
found. 


Various theoretical investigations ([4-7] and others) have greatly influenced the growth of our knowledge of 
the sorption of anions by soils of various compositions. However, physicochemical studies of anion exchange in 
soils were of less value in the development of a theory on anion exchange than corresponding studies of exchange 
sorption of cations. 


The extensive use of anion exchange in industrial practice represents a further stage in the development of 
the science of anion exchange, and requires the development of a modern theory based on new experimental data 
obtained in investigations of various types of anion exchangers. As in cation-exchange reactions, anion exchange 
in soils or in industrial practice does not consist of exchange reactions between two kinds of anions; several ions 
are involved in the exchange, and the reaction is one of polyanionic exchange. Therefore investigations of the 
quantitative laws of polyanionic exchange are of great practical as well as _ theoretical interest. 


The purpose of the present investigation was a study of the quantitative laws of the exchange of three anions 
on MMG anion-exchange resin, and a verification of the applicability of the equation for the exchange isotherm 
for several cations to anion exchange. 


Our study of the quantitative laws governing the exchange of three anions was based on Gapon's equation 
[8] and his fundamental hypothesis that the displacement of ion M, is entirely independent of the displacement 
of ion M, when the surfaces occupied by My, Mp, and Mg are in thermodynamic equilibrium with a solution con- 
taining these ions in the concentrations C,, C,, and Cs. On the assumption of the independent exchange of the 
ions in their simultaneous presence, the process may be schematically represented as follows: 

; 1 ies 4 4 
X [(M,)H™ (M)"] + 2 (Mg) = X (Mayu + [2 (Ma) 5 (Ma) | 

where X is the adsorbent, and m, n, and p are the valences of the exchanging ions My, M2, and Mg. 


The derivation of the equation for the exchange of three ions was based on the assumption that the forward 
and reverse reactions proceed at equal rates at equilibrium; this may be represented by the following equations 
for each pair of exchanging ions: 


BeUicl = KP act, (1) 
KEE sch? = Kh ch!”, (2) 


where I, ';, and I’; are the amounts of the adsorbed cations My, My, and Mgin meq; cy, C2, and cs are the con- 
centrations of the cations My, M,, and Mg, in terms of normalities, in the equilibrium solution. 
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The above equations can be used to find two constants for each pair of exchanging ions; My, M3 and Mg, Mg 
as follows: 


rT, yg Ky Per eat -r ai (3) 
Lo FER sell PA gulp. * 
3 3 
, ijn jj 
I's Ka % vn ©2 
Te ieee eg (4) 


Division of Equation (3) by Equation (4) gives the expressions 


= Sh elim cllm 
Py sie K J 5 eit! agh’3 (5) 


[ape Geren 1[/n* 
Is K chlP ee 


Equation (5) shows that the ratio of the amounts of ions adsorbed by the solid phase is proportional to the 
_tatio of the concentrations of these same ions, raised to the corresponding powers, in the equilibrium solution (i.e., 
this equation is analogous to the expression for the isotherm for the exchange of two ions): 


r, = D0 — MCy,; ee —= Poco — No, 


where I'yqp is the initial adsorbed amount of ion My; I,,, is the initial adsorbed amount of ion M, (i.e., the 
amounts of ions My and M, in the solid phase before the start of interaction with Ms). 


Substitution of these values of I'yg) and I’, ,, into Equation (5) gives the expression in its final forms: 


¥ 
1 joo Ws — Kee 1 (6) 
Loco — Nea ise 


Equation (6) was verified experimentally by Gapon with the aid of numerical data obtained in a study of the 
exchange of calcium and magnesium ions with ammonium ions in soils, and by Levitskii [9] in a study of polyca- 
tionic exchange on sulfonated coal and wofatite. Equation (6) is used in studies of complex compounds, when com- 
plex cations or several complex anions are formed in solution [10]. 


Experimental verification of Equation (6) showed that its applicability is quite satisfactory. The values of 
Tq and I, q, used by Gapon for the verification were found by extrapolation and not by direct experiment. 
Levitskii found these values experimentally from the differences of the ion concentrations in the original and equi- 
librium solutions after saturation of the adsorbent. In both cases the values of I'y ,, and Iz qp used for verification 
of Equation (6) were obtained from the sorption capacities found for each exchanging ion separately, and not in 
mixtures with other ions. 


We considered that it would be more rational to use values of yg) and I',q) obtained by direct experiment 
for each of the anions taking part in the exchange, i.e., the values of the exchange capacity for each anion pre- 
sent in a mixture with the others. With this approach, the values of yg) and Teg) should represent the true ex- 
change behavior of each exchanging anion, with the influence of the other ions involved in the exchange taken 
into account. 


It was found that Eqaution (6) is not applicable to our experimental data for the exchange of three anions 
when the concentration of the displacing anion was in the range of 0.1 to 1N. The inapplicability of the equation 
is shown by the fact that down to 0.1 N concentration of the displacing ion twice the amount of the anion desorbed 


te 
was greater than its exchange sorption value, and calculations of the term Se in the equation gave 
200.5 Se 
negative values for the sorption, especially in the exchange of multivalent anions, It was therefore decided to test 
its validity at low concentrations of the displacing anion, in the range from 0.1 to 0.03 N. In these experiments 
the synthetic MMG anion-exchange resin was saturated with a mixture containing equal concentrations (0.5 N) 
of carbonate and sulfate ions. The saturated resin was dried and sifted through a sieve of 0.2 mm mesh. 5 g lots 


of the resin were put into flasks, followed by 100 ml of a solution containing the displacing cation (KNOs). The 
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flasks were shaken and the contents left to settle for 48 hours; the flasks were then put into a thermostat at 25°, 
and samples were taken for analysis of the desorbed anions, The results are given in the Table. 


Calculation of the Tri- Anionic Exchange Constant These results show that Equation (6) is quite 

for the System MM. ~[CO,?", SO,?-]+ NO,K satisfactorily applicable at low concentrations of 
the displacing anion. Our results indicate that 

a | Anions displace 5 the equation is valid for solution concentrations 

§ 6 | in meq per not above 0.1 N. 

3g [f00gotresin | ce | Trot |, 

9 2 e ae cy'la Py 921 If values of the total sorption capacity with 

GY. (COs) | exfSO.°) respect to a given anion, and not the limiting 
sorption, i.e., the exchange capacity for each 

rahe sae ane ae ee Tee exchanging ion, are used in verification of Equa- 

0.050 60,0 34.7 { 315 ee nbees tion (6), it still remains inapplicable at concen- 

0,040 | 47,6 29,7 t, 266 0,5510 0, 7000 trations above 0.1 N. For example, the sorption 

0,030 | 37,41 23,0 | 1,270] 00,5624 — [0,7440 capacity of the resin for the carbonate ion is 

Py o= 237,38 meq. I',,,=137,8 meq. 250 meq per 100 g of resin, and the desorption 


under the action of 1 N solution of the displacing 

anion is 133 meq per 100 g of resin; subtraction 
of double this value from the sorption capacity gives negative values up to 0.25 N concentrations, and in some 
cases at 0.1 N. This was found for all the systems studied, irrespective of the charge on the ion. 


Analysis of these results suggests that Equation (6) is probably valid at higher concentrations of the displac- 
ing anion if a considerable amount of undisplaced ions remains in the resin owing to nonequivalence of its active 
groups; further, it may be applicable to the exchange of a large number of ions, when the desorption of each is 
not large, with considerable differences between the values of the desorption and the sorption capacity for the 
given ion. It must also be pointed out that Equation (6) can be applicable only to mixtures in which there is no 
interaction between the ions, such as complex formation, association, etc. 


SUMMARY 


1. The exchange sorption of three anions differing in valence on MMG anion-exchange resin has been 
studied at different concentrations of the displacing anion; it was confirmed that the exchange of individual anions 
from mixtures proceeds independently. 


2. The investigation showed that E. N. Gapon's equation for the exchange of three ions is applicable only 
over a limited range; it is valid at low concentrations of the displacing ions. 


3. Equation (6) was applicable to data obtained for anion exchange in the concentration range from 0.03 to 
0.01 N, in which satisfactory values were obtained for the constants. 


4. Investigation of the weakly basic MMG anion-exchange resin showed that its sorption capacity for the 
carbonate ion is almost double its capacity for the sulfate ion; this may be due to selectivity of this resin with 


respect to carbonate ions. 
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SPECTROSCOPIC INVESTIGATION OF THE SORPTION OF METAL CATIONS BY 


OXIDIZED CELLULOSES 


I. N. Ermolenko and R. G. Zhbankov 


Cellulose materials are always oxidized to some extent; carboxyl groups are found not only in fibers which 
have been bleached or subjected to other treatments, but also in purified samples. Artificial cellulose fibers have 
approximately 10 times the carboxyl group contents of native fibers [1]. The presence of cations has a significant 
influence on the properties of celluloses — dyeability, viscosity, strength, electrical-insulation properties, heat sta - 
bility, etc. [2-5]. Native cellulose which has not been subjected to any treatments contains: re ee Mg"t, Fe?* | 
Alt [2, 6, 7]. Sorption of cations by oxidized celluloses from aqueous solutions [8] is characteristic of acid oxi- 
dized celluloses, and involves mainly an ion-exchange reaction between the carboxyls of the oxidized celluloses 
and the metal ions [9]. The course of the reaction depends on the cation concentration, the solution pH, and the 
nature of the ions — radius, charge, and degree of hydration. Series characterizing the affinity of cations for oxi- 
dized celluloses have been published [9-11]. 


The sorption of cations by oxidized celluloses as the result of ion exchange between carboxyl hydrogen and 
metal was confirmed by spectroscopic investigations of cation exchange on oxidized celluloses [12]. The extent 
of the long-wave displacement of the carboxyl C=O band increases with increasing mass of the sorbed cation. 
The carbonyl C=O band is not displaced as the result of sorption. This suggests that carbonyl groups are not in- 
volved in the sorption of cations. 


This paper deals with the interaction of oxidized celluloses with dilute salt solutions, including solutions 
containing mixtures of cations, and with differences in the sorption by carboxyls in different positions in the mono- 
mer unit in the macromolecule. 


In practice, cations are most commonly sorbed by cellulose materials from dilute solutions formed by con- 
tact with equipment (Cu, Fe), from town water (Ca, Fe), etc. Sorption from dilute solutions is equivalent to purifica - 
tion of water by ion-exchange resins. The use of oxidized celluloses as cheap cation exchangers has already been 
claimed in patents [13]. Cation exchange on fiber carboxyls is important in paper technology [14]. 


The materials studied were cotton celluloses in gauze form, oxidized by periodic acid, sodium chlorite, and 
nitrogen dioxide (kindly supplied by Professor V. I. Ivanov). The oxidation by NaIO, was carried out with 0.1 M 
solution at pH 5, and by NaClO,, at pH2-3. The oxidation by nitrogen dioxide (tetroxide) vapor was carried out 
in static conditions at room temperature. 


Carboxyl groups in the samples were determined by the known calcium acetate method, aldehydes were 
determined iodometrically, and carbonyl groups were determined by the hydroxylamine method. The celluloses 
were treated in the solutions under static conditions at room temperature in vessels with ground-glass stoppers. 
The liquor ratio was 1: 1000. The products were washed with distilled water and dried at room temperature in 


vacuum desiccators. 


The absorption spectra were measured by the method used previously [15] by means of the IKS-II infrared 
recording spectrometer with an NaCl prism under constant conditions; amplifier tube filament voltage 1.5 v; 
current in radiation source (Nernst filament) 0.5 amp.; speed ratio of wave length and photographic paper record - 
ing drums, 3/4. The slit width was 0.15 mm in the 200-1500 cm™! region, and 0.25 mm in the 1500-1160 cm : 
region. To reduce the errors introduced in determinations of the specimen thickness, and instrumental errors, the 
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absorption coefficients in the 2000-2300 cm7! region were reduced by calculation to a single value for all the 
spectra being compared. The eventual error in comparisons of the absorption coefficients of different specimens 


did not exceed 3-5%, 
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Fig. 1. Absorption spectra of di- 
carboxycellulose (6.8% COOH): 

1) before sorption; 2) after sorp- 
tion of Ca?t, 


Fig. 1 shows the spectra of dicarboxycellulose (Curve 
1), and of the same oxidized cellulose after treatment with 
0.001 N calcium acetate solution (Curve 2). The spectra 
show that very active sorption occurs in this dilute solution. 
A considerable proportion of the carboxyl hydrogens entered 
ion exchange with calcium — the intensity of the C=O 
band at 1740 cm~! decreased considerably, while at 1590 
cm7! the C= O band of the calcium carboxylate group 
appeared, as was observed previously in concentrated so- 
lutions. 


The weak band at 1650 cm ‘ observed in the spec- 
trum was caused by sorbed water present in the samples. 
Our experiments were performed at low moisture contents. 
The weak water band at 1650 cm™}, constant in all the 
experiments, did not interfere with the results, in agree- 
ment with earlier findings [16]. 


For determination of the effect of cation concentration, the sorption of uranyl cations from uranyl nitrate 
solutions of different concentrations by dicarboxycellulose was studied (Fig. 2). The results show that considerable 
variations of the concentration have little effect on the degree of substitution; this indicates that the energy of 
sorption is high. Several methods have been proposed in recent years for determination of carboxyl groups in oxi- 
dized celluloses, based on estimations of the sorption of multivalent cations: gravimetric determination of the 
sorption of uranyl [17], radiochemical determination of the sorption of radioactive cerium isotope [18], etc. Al- 
though the hydrolysis of uranyl [19] and other cellulose salts introduced considerable errors, the high affinity of 
heavy metals for carboxyl groups in oxidized celluloses is an undoubted advantage of these methods. In contrast 
to the sorption of univalent cations, in this case a definite hypothesis on the mechanism of sorption by carboxyls 
must be adopted for calculations of the carboxyl contents from the degree of sorption. 
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Fig. 2. Absorption spectra: 

1) unoxidized cellulose, treated with 
0.1 N UO,NO,), solution; 2) dicarboxy - 
cellulose (6.8% COOH) treated with 
water; 3) ditto, treated with 0.001 N 
UOANO3), solution; 4) ditto, treated 
with 0.01 N UO,(NO3), solution; 5) ditto, 
treated with 0,1 N UO,(NOs3), solution. 


When multivalent cations are bound by carboxyl 
groups, each cation may interact with one, two, or more 
carboxyls. In the first case basic salts (of the type cell 
—COO, UO,—OH) or mixed salts (of the type cell ~-COO— 
—UO,—NOs3) are formed. Most investigators consider 
that each cation reacts with one carboxyl group (3, 9, 
20]. Experimental evidence to the contrary is avail- 
able for some cellulose materials — there are data un 
the binding of cations by more than one carboxyl in 
ion exchange [21-24]. Mixed salts of oxidized cellu- 
loses are detected most easily by the characteristic bands 
for anion sorption (for example, by the 1350:cm + band 
for the NO; anion [25] for a salt of the type cell —C— 


O 
—O-—Ca-—NO3). Analysis of the structure of basic cellulose 
salts of the type cell -C~O—Me~—OH by the hydroxyl va- 


O 
lence vibrations in the 3 # region is made difficult by the 


presence of sorbed water in the samples and by the considerable absorption by the cellulose hydroxyls in this re- 
gion. It is preferable to study these compounds by the absorption bands associated with deformational vibrations 
of the hydroxyls. In such cases it is advisable to check that the samples do not contain precipitated metal hydroxide: 
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In the 7-8 #t region the spectrum of cellulose contains absorption bands at 1360, 1340, and 1325 cm™, which 
relate, as in alcohols [26], to primary hydroxyls and which decrease in intensity when the cellulose is oxidized. 
The same region, near7 #1, contains absorption bands of carboxylate groups (symmetrical vibration of the O-C— 


A group [27]) which give an indication of the ionization of carboxyls in the course of salt formation as the result 
of sorption. 
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Fig. 3. Absorption spectra in the 1550-1170 cm™! regions 

1) unoxidized cellulose; 2) monocarboxycellulose containing 
12% COOH; 8) ditto, after sorption of Pb*+; 4) ditto, with UO2*; 
5) ditto, with Ca?*; 6) ditto, with Ag. 0.01 Nitrate solutions were 
used for the sorption. 


Fig 3 shows our absorption spectra of unoxidized cellulose, monocarboxylcellulose containing 12% COOH, 
and the same oxidized cellulose treated with Agt, Ca?*, pb?* and yor”, The absorption in this spectral region 
is increased considerably as the result of cation sorption. With lead, the absorption extends into the 1290 cm * 
region, which contains the symmetrical valence vibrations of the N=O nitro ester groups present in cellulose oxi- 
dized by nitrogen oxides. The observed increase of intensity in the region of the absorption band at 7 is not as- 
sociated with the CH, groups which absorb in this region, but is caused by ionization of the carboxyls after sorption. 
However, the increased absorption in the region of the primary hydroxyl bands (1320-1360 cm7}, where considerably 
greater changes are observed than in the region near 7 p as the result of sorption of uo3* and Ca?*, may be caused - 
not only by superposition of absorption due to carboxyl groups on the bands of the primary hydroxyls, but also by 
formation of basic salts of cellulose, the hydroxyls of which may show absorption near this region, or by formation 
of mixed salts of cellulose. Such structures are obviously not formed on sorption of univalent cations. Our measure- 
ments of the spectra of mono- and dicarboxycellulose treated with Ag* showed increased absorption in the 7 
region, greater in the case of dicarboxycellulose, with almost no changes in the region of the primary hydroxyl 


bands. 
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Fig. 4. Absorption spectra of dialdehydecellulose (12% CHO): 
1) before treatment; 2) after treatment. 
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As solutions of uranyl, lead, and calcium nitrates were used for the sorption of these bivalent cations, if — 
mixed salts are formed, the products should contain NOs anions, absorbing in the 1340-1410 cm"! region; another 
and less intense band due to NO; is found at 800-860 cm71[25}. 
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Fig. 5. Absorption spectra in the 1550-1170 em 
regions 

1) unoxidized cellulose; 2) dicarboxycellulose 
(14.7% COOH); 3) ditto, after sorption of Pb**; 
4) ditto, after sorption of ro at 


Measurement of the spectrum of the pro- 
ducts of ion exchange of lead with monocarboxy - 
cellulose showed that absorption at 800-860 em~! 
decreases owing to nonplanar vibration of the 
carboxyl OH groups [27]. 


It has been suggested that in an alkaline 
medium the hydroxyls of neighboring macromole- 
cules in unoxidized cellulose may bind metals 
by hydrogen bonding, in the form of hydroxo 
anions of the type [PB(OH)3], [Cu(OH),)", 
[Sb(OH),]~ [28, 29]. 


To confirm that the observed spectral 
changes in this region are the result only of pro- 
cesses accompanying the interaction of cations 
with carboxyl groups, and not of sorption by hy- 
droxyl groups, we measured the absorption spectra 
of unoxidized cellulose and of dialdehydecellulose, 
before and after treatment with cations. The 


results for dialdehydecellulose containing 12% CHO are given in Fig. 4. It is seen that no appreciable changes 
take place in this region of the spectrum after cation treatment of the celluloses. Cation treatment of dicarboxy- 
celluloses leads to spectral changes similar to those found as the result of sorption by monocarboxycellulose. The 
results obtained after sorption of Ca”* and Pb** are given in Fig. 5. 


Fig. 6. Absorption spectra of dicarbo- 
xycellulose containing 6.8% COOH: 

1) before treatment; 2) treated with 
0.001 N LiNOg solution; 3) treated with 
0.001 N Cu(NOs), solution; 4) treated 
with a 1; 1 mixture of 0.002 N Cu(NOs), 
and LiNOg solutions, 


Comparison of Figs. 3 and 5 shows that there are 
greater differences in the region of carboxylate group 
absorption (1400-1350 cm™}) as the result of sorption of 
lead and calcium respectively by dicarboxycellulose, 
than in the sorption of these cations by monocarboxycel- 
lulose. The course of ion exchange between fibers and 
solutions containing mixtures of cations depends on the 
relative affinities of the cations for carboxyl groups, and 
the concentrations of the cations. 


Sorption experiments were carried out with dilute 
(0.001 N) solutions of Lit and Cu”* salts and with an 
equinormal mixture of these salts at the same concentra- 
tions. Dicarboxycellulose containing 6.8% carboxyl 
groups was used for the experiments, The spectra of the 
products and the spectrum of the original dicarboxy- 
cellulose are given in Fig. 6. The degree of substitution 
by cations as the result of sorption from the mixture, a 
measure of which is provided by the weakening of the 
1740 cm~! band, is less than the degree of substitution 
in the case of copper, but greater than in the case of 
lithium. Thus, despite the fact that cations differing 


considerably in their affinity for carboxyl groups were used in these experiments, sorption from dilute equimolar 
solutions is competitive in character, This is also shown by the characteristic form of the broad absorption band 
in the 1590 cm™! region in the spectrum of the product after sorption from the mixture. The presence of Lit ions 
in the solution decreases the sorption of CU?* not only as the result of a decrease of the negative change of the 
fiber surface owing to suppression of the ionization of the carboxyls by the lithium ions in solution, but also be - 
cause of the simultaneous sorption of lithium ions together with copper ions. 
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| ROTC cause of decreased sorption of copper in presence of lithium may be the formation of compounds of 
higher order in solution [30]. In such cases the multivalent cation forms part of a complex anion of the type 
[Cu(NOs),] , and therefore its participation in ion exchange on oxidized cellulose decreases. 


SUMMARY 


1. Changes in the infrared spectra, associated with ionization of carboxyl groups, of the products formed 
by the sorption ‘of cations by oxidized celluloses have been determined. The greatest differences are found when 
the sorption takes place at uronic and nonuronic carboxyls. The absorption depends on the nature of the cation. 


2. The sorption of cations from dilute aqueous solutions by oxidized celluloses proceeds actively by a mecha- 


nism of ion exchange with carboxyl groups; both cations, irrespective of their affinities for carboxyl groups, are 
sorbed from mixtures of cations. 
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THE MECHANISM OF STABILIZATION OF CLAY SUSPENSIONS BY AN ALGAL 


EXTRA GT 


N. A. Zavorokhina and V. G. Ben’kovskii 


One of the important factors influencing the speed and quality of oil-well drilling is the drilling fluid. The 
drilling fluid, which consists of a suspension of clay in water, must, like any other colloid system, have definite 
physicochemical properties. The waters and clays used for making the drilling fluids often contain large amounts 
of electrolytes, and this leads to flocculation of the drilling fluids, i.e., to loss of the necessary technological pro- 
perties. To protect drilling fluids against electrolyte flocculation they are subjected to chemical treatment with 
various stabilizers. Among the stabilizers used in the oil industry are protective colloids such as starch and its 
derivatives, humic substances from brown coal and peat, paper-industry wastes, carboxymethylcellulose, etc. A 
stabilizer made from seaweed has recently come into use in France [1] and the USSR. However, the mechanism 
of stabilization of clay suspensions by this new stabilizer has not been studied. 


The seaweed stabilizer, which is an alkaline extract, is not a homogeneous substance; it contains various 
compounds, principally sodium alginate and fucoidin. Alginic acid is considered to be a polymer of hexuronic 
acid [2, 3]: 
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It is insoluble in alcohol, benzene, acetic acid, xylene, ligroine, and water; it is partially soluble (up to 10%) in 
pyridine and in alkaline solvents. Sodium, potassium, ammonium, and magnesium alginates are readily soluble 
in water. It has been shown [3] that alginic acid forms salts of constant composition, and its salts with alkali me- 
tals resemble salts of strong acids. 


The formula of fucoidin has not been finally established, but it is known that fucoidin is a polymeric sulfate 
ester of a carbohydrate, with the general formula (ROSO,OMe)n, where R is a radical containing 60% fucose [4]. 
The metal may be potassium, sodium, magnesium, or calcium. The ash content of such preparations is 25-30%, 
63-64% of sulfate was found in the ash; this corresponds to about 17-19% of sulfate in fucoidin.. Moreover, these 
authors showed that fucoidin is not a calcium salt, as was formerly thought. Fucoidin isolated from brown algae 
[5] contained from 43.9 to 48.4% fucose, 32.4% sulfate, 6.9% metals, and 22.6% ash. 


The discrepancies in the data on the composition of fucoidin may be attributed to the use of different 
methods for its isolation and analysis, and also to the use of algae from different seas, Moreover, the harvesting 
time of the algae, which also influences the chemical composition of algal extracts, was not taken into consider- 
ation. 

The purpose of the present investigation was to study the effects of these components of the extract on the 
colloidal properties of clay suspension, and to determine which substance acts as the stabilizer. Alginic acid 


and fucoidin were isolated from the seaweed Fucus vesiculosus ("F.V."), and aqueous solutions of their sodium 


salts were prepared. 
Alginic acid was isolated in the form of sodium alginate by a method described previously [6]. 


The seaweed was steeped in cold dilute hydrochloric acid. It was then separated from the acid and washed 
in water; this was followed by alkaline extraction to convert alginic acid into soluble sodium alginate. The al- 
kaline extract was separated from the seaweed and treated with concentrated hydrochloric acid, which was added 
in small portions (0.5-1 ml) with continuous stirring of the solution. The alginic acid, which separated out in the 
form of brown colloidal flakes, was filtered off, washed with distilled water until free from chloride ions, and 


dried in air, For preparation of sodium alginate, the alginic acid was dissolved in alkaline solution (NaOH). Ex- 


cess of alginic acid wasused. The aqueous solution of sodium alginate was filtered to remove excess alginic acid, 


and used for the experiments. 

Fucoidin was isolated by the method described previously [7]; 100 g of the dry seaweed, ground in a roller 
mill and sifted through a sieve of 0.25 mm mesh, was stirred for an hour with 1000 ml of 0.1 N HCl, the mixture 
being heated on the water bath at 70°. The extract was centrifuged, neutralized by alkali, and evaporated to dry- 
ness under vacuum at 40°. The residue was dissolved in 30% ethyl alcohol and centrifuged to remove insoluble 
impurities. Fucoidin was isolated by precipitation by 60% ethyl alcohol. The product was washed with alcohol 
and ether and dried in a desiccator. As in the case of sodium alginate, aqueous solutions of the sodium salt of 


fucoidin were used for the investigations. 


Numerous investigations by Soviet scientists [8] indicate that stabilizers are adsorbed on the clay particles 
and form structured protective films which prevent flocculation of the clay suspensions. We therefore studied 
the adsorption of sodium alginate and fucoidin by various clays, the viscosities of their aqueous solutions, and the 
effects of sodium alginate, fucoidin, and their mixtures on the properties of clay suspensions. A comparison of the 
results should give an indication of the roles played by sodium alginate and fucoidin in stabilization. 


a 


a +10 *g¢ fucoidin/g clay 


1 concentration of fucoidin g/l. 


Fig. 1. Adsorption of fucoidin on clays as a function of its con- 
centration in solutions 

1, 2, and 3) Makat, Kulsary, and Novobogatinskoe native clays 
(soaked and dry); 4, 5, 6) the same clays after dialysis. 


The adsorbents used were Makat, Novobogatinskoe, and Kulsary clays (native and dialyzed), previously 
ground and passed through a sieve of 0.25 mm mesh. The chemical composition of these clays is given in the 
literature [9]. In order to eliminate the influence of adsorption of the solvent and of variations in the degree of 
dispersion of the clays during adsorption, the experiments were performed with dry clays and also with clays pre- 
viously saturated with distilled water. The adsorption was measured at 18-20°. The magnitude of the adsorption 
was given by the difference between the concentrations of sodium alginate and fucoidin in the solutions before 
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we after adsorption. The concentrations of sodium alginate and fucoidin in solution were define by precipi - 
tation of the copper salts and iodometric titration of excess copper ions in the solution [10]. 


bad 4 
< rt Hoppler viscosimeter was used for determinations of the viscosities of aqueous sodium alginate and fucoidin 
utions, 


The properties of the clay suspensions were determined by the methods generally used in the oil industry [11]. 


It follows from Fig. 1 and 2 that the adsorption of sodium alginate and fucoidin is considerably less on dia- 
lyzed than on native clays. The reason is that water-soluble salts, up to 6.5% of which is present in native clays 
are removed by dialysis, and as a result the observed adsorption capacity of the clays is decreased considerably. 
The following is the most likely explanations the clay particles containing water-soluble salts are always surrounded 
by a diffuse layer of solvent with a higher concentration of electrolytes than the bulk of the solution. The high 


electrolyte concentration lowers the solubility of the protective colloid, and this favors increase of its adsorption 
on the clays, 
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Fig. 2. Adsorption of sodium alginate on clays as a function 
of its concentration in solutions 

1, 2, and 3) Makat, Kulsary, and Novobogatinskoe native 
clays (soaked and dry); 4) dialyzed Makat clay, not soaked; 
5) ditto, soaked; 6) dialyzed Kulsary clay, not soaked; 

7) ditto, soaked; 8) Novobogatinskoe clay, dialyzed, 
soaked and not soaked. 


Novobogatinskoye clay has the greatest adsorptive power for sodium alginate and fucoidin, and Makat clay 
has the least. Adsorption of the solvent influences the adsorption only in the case of adsorption of sodium alginate 
on dialyzed Makat and Kulsary clays. The adsorption isotherms of sodium alginate on these clays after preliminary 
soaking lie somewhat above the corresponding isotherms for clays without preliminary soaking (Fig. 2, Curves 4, 

5, 6, and 7). If the solvent has no influence, the adsorption isotherms for the soaked and unsoaked clays completely 
coincide (Figs. 1 and 2, Curves 1, 2, and 3). The adsorption of the solvent becomes more prominent with decreas- 


ing adsorbability of the solute [12]. 


The influence of sodium and magnesium chlorides on the adsorption of sodium alginate and fucoidin by 
Kulsary clay is shown in Figs. 3 and 4, The adsorption of sodium alginate by native Kulsary clay gradually increases 
with increasing concentration of sodium chloride in the solution (Fig. 4, Curve 1), and passes through a maximum 
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with increasing concentration of magnesium chloride (Curve 2). The adsorption of fucoidin on Kulsary clay (na- 
tive and dialyzed) passes through a maximum with increase of sodium or magnesium chloride concentration in 


solution (Fig. 3). 


a- 1074 g fucoidin/g clay 


salt concentration g equiv./ liter 


Fig. 3. Adsorption of fucoidin on Kulsary 
clay in presence of salts: 

1) Native clay and NaCl; 2) native clay 
and MgCl,; 3) dialyzed clay and NaCl; 
4) dialyzed clay and MgClp. 


The increased adsorption of sodium alginate and 
fucoidin in presence of salts may be attributed not only 
to a surface salting-out process [13], but also to disper- 
sion of the clay particles by the action of sodium chloride, 
to ion exchange between magnesium ions and the ions 
in the ionogenic clay complex, and to a probable chemi- 
cal reaction between magnesium and sodium alginate and 
fucoidin [3]. The decreased adsorption on further addition 
of magnesium chloride is caused by coagulation of the 
clay particles, i.e., a decrease of the adsorbing surface, 
and in the case of fucoidin also by coagulation of the _ 
protective colloid itself. 


Fig. 5 shows the viscosity variations of aqueous 
solutions of sodium alginate and fucoidin with concentra- 
tion. It is seen that the viscosity of aqueous sodium al- 
ginate solutions is 3.5 times that of fucoidin solutions. 

In presence of small amounts (up to 1 g-equiv./ liter) of 
sodium and magnesium chlorides the viscosity curves of 
aqueous solutions of sodium alginate and fucoidin pass 


through minima. With further increase in the concentrations of these salts the viscosity curves of sodium alginate 
and fucoidin are concave toward the abscissa axis. The viscosity of aqueous sodium alginate solution in presence 
of sodium chloride is exceptional; it increases continuously with the salt concentration. 


/ 


TABLE 1 


Effects of Fucoidin, Sodium Alginate, and Their Mixtures on the Properties of Clay 


Suspensions 


gees of suspension, 
0 


a 
‘ QQ 
g = fee 
aS) & bo | 6 '? 
> 9 hey SAN eae 
8 | ae Roane 
oe eR] se eel pelea ya Fe yf 
BO 428 lee | Le gan ope 
DINO nat | eee ae he SN 
ON BBN a AO Lee 20: 47,0 
BO 252 eee | AO LAC earl OO 
Bs a ORR | a Re ae Aa 
22°] 25 [iyo | 1,80°| SOR S Hot 
Se SS AS e AO) Ld ee KO) 
2b 2.5 1 10 (4 98) D806 
22 11,5 | 1,5 | 10 14,19] 42:0 
22 | 2.5 14,5 | 10 14,16] 49,0 


Properties of suspension 


~ |6... |static yield value, u 
Bod |23 mg/ cm2 ie 
a BS f OSS toc Praia pgertrnaay os ate 
Sey |8]s)1 min. | 10 min. | FOS 
dae legal 3 Sox 

40/140 | 5 0 0 50,3 
7/30 | 0,5 0 0 4 
5/30 | 0.5 0 ae os 

24/30 | 6 0 0 | 42,6 

11,5/30 | 2,5 0 0 5) 

41/30 | 2 63 79 7 

5,5/30 | 4 273 345 | 0 

15/30 | 2 42 45 4 

12/30 | 2,5 | 474 180 0 

13,5/30 | 4,5 24 33 3 
6,5/30 | 4 a2 45 x4 


The probable cause of the decrease of viscosity on addition of small amounts of salts is partial dispersion of 
the sodium alginate and fucoidin micelles [14]. The subsequent increase of the viscosity, followed by a decrease, 
is caused by coagulation of the sodium alginate and fucoidin; this passes from latent coagulation (in the region 
of viscosity increase) to visible coagulation (in the region of viscosity decrease). Visible coagulation of sodium 


alginate does not occur in presence of sodium chloride. 


The properties of suspensions of native Kulsary clay stabilized by fucoidin, sodium alginate, and mixtures 


of the two, are given in Table 1. 
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; Figs. 1 and 2 show that the adsorption of fucoidin by clays is approximately 3 times the adsorption of sodium 
alginate by the same clays. The adsorption of these substances completely corresponds to their stabilizing properties. 
Clay suspensions stabilized by equal amounts of sodium alginate and fucoidin (1.5% on the weight of the suspension) 
differ considerably in properties. Table 1 shows that a suspension stabilized by fucoidin has better water loss and 
sedimentation properties, but has zero static yield value. The explanation of the stabilization of clay suspensions 
by fucoidin is that as the result of its considerable adsorption by the clay particles fucoidin assists their solvation, 
acting as an intermediate layer between the clay and the aqueous phase; this is confirmed by the almost complete 
absence of enforced or free separation of the liquid phase. A suspension stabilized by sodium alginate has worse 
water loss and sedimenation properties, but is has a considerable viscosity and fairly good structural and mechanical 
properties. Clay suspensions stabilized by large amounts of fucoidin or sodium alginate (2.5% on the weight of sus- 
pension) have approximately the same water loss, while no sedimentation at all occurs in the suspension stabilized 
by sodium alginate. The explanation is that sodium alginate forms very viscous solutions, in which a considerable 
part of the water is bound between the stabilizer molecules. As a result, the system sodium alginate — water is 
capable of retaining clay particles in a suspended state; this is an additional stabilizing factor. 


Thus, the stabilizing action of F. V. extract is mainly 
due to the formation of surface adsorbed films of fucoidin, 


= ae which protect the clay particles from coagulation, and to 
3 = the structural and mechanical properties conferred on the 
nn OO suspensions by sodium alginate. 
4% 5 However, in presence of sodium chloride the pro- 
$< apy perties of suspensions stabilized by fucoidin deteriorate to 
"ed salt concentration, g/ liter a considerably greater extent than the properties of suspen- 
sions stabilized by sodium alginate. The explanation is 

Fig. 4. Adsorption of sodium alginate that the solvate layers formed around the clay particles 

on native Kulsary clay in presence of as the result of adsorption of fucoidin are compressed on 
NaCl (1) and MgCl, (2). addition of electrolytes, and the system gradually loses 


its stability. When clay suspensions are stabilized by so- 
dium alginate, two stabilizing factors operate: increase of the bonding of the medium by the clay particles (the 
result of adsorption of the sodium alginate on the clay particles), and structure formation by the bonding of water 
by sodium alginate micelles, It follows that the stability of suspensions to electrolyte flocculation should be greater 
in presence of sodium alginate than of fucoidin. Viscosity data for aqueous solutions of sodium alginate and fucoidin 
in presence of sodium chloride also indicate that sodium alginate is more stable than fucoidin to the action of elec- 
trolytes. The viscosity curve for sodium alginate solution in presence of sodium chloride has no region of visible 
coagulation. However, clay suspensions stabilized by a mixture of fucoidin and sodium alginate has quite satis- 
factory properties in presence of sodium chloride. Clay suspensions stabilized by an alkaline extract of F. V. algae 
are also quite stable in presence of sodium chloride (Table 2). 


TABLE 2 


Effects of Coal-Alkali Regent (CAR), Algal Extract (AE), and Sodium Alginate on the 
Properties of Kulsary Clay Suspensions 


Composition of suspension, % Properties of suspension 


- > |e static yield ous 
“ >? lg oe ie 36 
es tes 3 + Series eee AMig/-em yh. ie 
% < ty = b& |O%518e OlS>E ; Akal (= 
c) O <x = a 2 RY dsgligse 1 min]10 min. te 
22 — — —_ 10 1,22} 16,5] 40/14 3 6 6 23,5 
ae — — 1,5 10 1,20 | 46,0} 15/30 7 42 45 4 
22 gfe 40°94 19 |-20,0) 40/48) 5 12 12 | 419 
20 _ 2 — 10 | 1,19 | 24,0] 24/30 4 15 24 11,8 
18 _ 5 _ 40 | 1,19 |321,0} 6/30 0,5 18 45 0 
22 4 — 1;5 40 | 1,23} 35,0} 7/30 4 21 24 0 
18 4 2 _ 40 | 41,20] 40,0} 4/30 0,5 6 42 0 


Note. CAR is in % calculated as coal; AE is in % calculated as dry seaweed. 


These results suggest that sodium alginate protects fucoidin from coagulation by sodium chloride. The pro- 
tective action of alginic acid and its salts on gold salts has been reported [2]. In addition, we found that sodium 
alginate and alkaline extract of F. V. algae protect sodium humate solutions from coagulation by sodium chloride. 
Data on the stabilization of Kulsary clay suspensions by coal-alkali reagent, algal extract, sodium alginate, and 


their mixtures are given in Table 2. 


concentration of fucoidin, g/liter. concentration of sodium alginate, g/liter. 
Fig. 5. Viscosity of aqueous solutions of fucoidin (a) and sodium alginate (b). 
The foregoing examples show that clay suspensions can be stabilized successfully even if the stabilizer consist: 
of a mixture of two or more substances which are not adequate stabilizers if used separately. 
SUMMARY 
1. The adsorption of fucoidin and sodium alginate is considerably greater on native than on dialyzed clays. 


2. The solvent has almost no influence on the nature of the adsorption of fucoidin and sodium alginate on 
clays. 


3. The adsorption of fucoidin and sodium alginate on clays passes through a maximum with increasing mag- 
nesium chloride concentration, whereas in presence of sodium chloride the adsorption of fucoidin passes through a 
maximum while the adsorption of sodium alginate increases steadily with the salt concentration. 


4. The mechanism of stabilization of clay suspensions by extract of F. V. algae consists of the formation of 
protective surface films, mainly by adsorption of fucoidin, and of structure formation by the action of sodium al- 


ginate, 
5. It is suggested that sodium alginate protects fucoidin from coagulation by sodium chloride. 


6. The use of mixed protective colloids for the stabilization of drilling fluids with high electrolyte contents 
in the aqueous phase is of considerable practical interest. 


Institute of Petroleum, Academy of Sciences Received June 10, 1957 
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ADSORBATE-ADSORBATE INTERACTION IN THE ADSORPTION OF VAPORS ON 
GRAPHITIZED CARBON BLACKS 


2. APPLICATION OF THE EQUATIONS FOR THE ADSORPTION ISOTHERMS TO EXPERIMENTAL DATA* 


A. V. Kiselev, N. V. Kovaleva, V. A. Sinitsyn, and E. V. Khrapova 


nue equations given in the preceding paper [1] for the unimolecular (Equations 1-3) and multimolecular 
(Equation 4) adsorption isotherms of vapors with adsorbate ~adsorbate interaction in the first layer are applied in 
this paper to experimental adsorption isotherms for different vapors on graphitized carbon blacks. 


1) The approximate equation derived by one of the present authors [1-4] 


e 9’ 


| Sy ieanesaw anes ma 
Ki (i —0) (+ K,0') | o 


where h = p/ p, is the relative vapor pressure; @° is the fraction of the surface covered by the monolayer; Kj is the 
adsorbate —adsorbent equilibrium constant; Ky is the adsorbate —adsorbate equilibirum constant. 


2) The Hill equation [5] 


0’ 


’ ——. — K,0" 
PRION eo 3 Nee he) (2) 
K, (1,— 0) 
h K = i 
where per * and a, and b, are constants in an equation of state of the van der Waals type for the mono- 
layer. 
3) The Fowler—Guggenheim equation [6] 
h = rt e—20" | (3) 
By (th O) 


where a is a constant characterizing the interaction of neighboring pairs of adsorbate molecules. 


The approximate equation [1, 7] which combines the equation for monolayer adsorption (1) and the BET 
equation [8] 


| UP Sateen A al 2 A eel A 
~ Ki (4— 0 — A) [1+ K,0(L—A)] te 


where @ is the total fraction of the surface covered. 


In this paper Equations (1-4) are applied to experimental isotherms, published by various authors, for the ad- | 
sorption of different vapors on graphitized carbon blacks.** 


* Presented at the Lomonosov Lectures of the Chemical Faculty of Moscow University, October 22, 1957, part 2. 

** In the literature the adsorption isotherms are given only in graphical form; we used these graphs for determination 
of the values of adsorption and vapor pressure, required for the calculations. We take this opportunity of thanking 

Drs. Ross and Paltz for supplying numerical data for nitrogen and argon. 
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Adsorption of normal alkanes. The adsorption isotherms of normal alkanes ongraphitized carbon black give 
a good fit with the Langmuir equation (over the initial region) and the BET equation [9-10]. This is in accordance 
with the high values of K} (strong interaction between n-alkane and graphite [9-11], high net heats of monolayer 
adsorption) and relatively low values of Ky. In such cases Equations (1) and (4) approximate to the Langmuir and 


BET equations [1, 2, 7]. 
i a i 4] the va- 
a. keal/ tole Q, kcal Waxlote Adsorption of cyclopentane In this case [4] Vv 


lue of Kj is considerably less than for normal pentane, and 
therefore Equations (1) and (4) do not approximate to the © 
Langmuir and BET equations; the isotherm commenced 

with a concave region and passes through two points of in- 


tg? 210% 30% a+ 1? ; flection. Equation (4) gives a satisfactory fit with this 
isotherm [4]. 


/ 
o Umoles/m2, , a, ele favo 
, f “M9 ii B 095 
Os Adsorption of nitrogen, argon, and krypton. vapors. 


The points in Fig. 1 denote the experimental isotherms 
and heats of adsorption of nitrogen vapor determined at 


0 
0 ne. oe 9479 4 ao 
é i 10 ; A/ i 
pee is 4 two temperatures* [12] on P-33 carbon black graphitized 
2 pds m2 1? a2 at 2700°. The values of the heats of adsorption Q obtained 
‘ 4 é by the authors [12] from two isotherms are here expressed 
a 


as a function of h, for comparison with the isotherms; the 
adsorption & is calculated per unit surface. At —183° the 
initial net heat of adsorption is ~0.8 kcal/ mole, i.e., 

it exceeds the heat of condensation by ~60%, Ash in- 
creases to 1- 107° the net heat of adsorption increases, 
Points represent experimental data [12]. and reaches a maximum of 1.3 kcal / mole at this value 
ee ct cre niial leas of adsorprin h. This increase of the heat of adsorption is caused by 

Spe ened on of Byuete and subsequently adsorbate —adsorbate interaction. The adsorption isotherms 
De ptecais oy ones one el OW of nitrogen vapor in the monolayer region are S-shaped; 
eo Hen doieras ake 18> adn loo: they are initially concave, then pass through the first 


Calculated isotherms: 1) from Equation point of inflection near 9 = 0.4, and become convex. 
(1), 2) from Equation (2). 


410% b10* Aik, 0 1-10 2:10" AP, 


Fig. 1. Adsorption of nitrogen vapor on 
P-33 carbon black graphitized at 2700°. 


The authors [12, 13] concluded that in the range of 
@ < 0.1 the adsorption isotherms of nitrogen, argon, and krypton vapors on this carbon conform to the Henry 
equation, then, from @ * 0.1to@ s 0.5, to the Hill equation (2), and at higher values, to the Langmuir equa- 
tion. The constant K}.in the Hill equation is also the constant of the Henry equation for low values of 9 [1], and 
therefore the Hill isotherm should pass continuously into the Henry isotherm: The different regions of @ found by 
the authors [12] for these isotherms are the results of somewhat high values for the adsorption at low h owing to 
residual heterogeneity [14]. This is clear from Fig. 2, where breaks can be seen in these isotherms, plotted in 
h/a, h, coordinates, so that the "Henry region” does not pass smoothly into the region of applicability of the 
Hill isotherm, while the constancy of h/a in the "Henry region” can be attributed to somewhat high values of 
a at lowh. 


It follows from Fig. 1 that the adsorption isotherms of nitrogen vapor calculated from Hill's equation (the 
constants for this equation are given in[12]) coincide with the experimental isotherms up to 6 0.4, after which 
they deviate downward. It was found [12] that at higher values of @ the isotherms conform to the Langmuir equa - 
tion, and it was suggested that up to @ > 0.5 the adsorbate molecules are localized and the energy of adsorption 
remains constant. 


In the light of our Equation (1), the S-shaped character of these isotherms may be explained by the magni- 
tude and the ratio of the equilibrium constants for adsorbate —adsorbant and adsorbate —adsorbate interaction, In 
Fig. 3 the adsorption isotherms of nitrogen vapor (Fig. 1) are plotted in the coordinates of the linear form of Equa- 
tion (1): 

Q’ 


i) (1") 


*In the paper cited [12] the isosteric heats of adsorption of nitrogen and argon vapors are given for the average 
temperature —189°, 
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Curves 1 and 2 in Fig. 3 were used to determine the constants Kj and K,, of this equation (see Table) for 
the adsorption of nitrogen, when the capacity of a dense nitrogen monolayer a, = 10.2 4 moles/ m? (Wo = 
= 1000/6.02 Om = 16.2 At (The value of a, is needed for calculation of @ = a/ 14). These constants were 
used to calculate the adsorption isotherms denoted by continuous lines in Fig. 1, Fig. 1 shows that Equation (1) 
satisfactorily describes almost the whole region up to completion of the monolayer. This is also confirmed by 


the work of Graham [14], who found that the “equilibrium function” for the adsorption of nitrogen 


EE Mah 
h(1-@) 
vapor on a homogeneous graphitized carbon black surface increases linearly with @. This follows from Equations 


(1), (1")* 


Fig. 4 shows the heats of adsorption of 
argon vapor, and the adsorption isotherms deter- 
mined experimentally [12] and calculated from 
Equations (1) and (2). The initial net heats of a 
adsorption are ~0.7 kcal / mole, exceeding the 
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120° 4610" 46-0" 


° 
~ Ny -195 
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heat of condensation by about 45%, The net 
heats of adsorption increase with increasing h, 
reach a maximum value of 1.2 kcal / mole at 

@ = 0.6, and then decrease. Interaction between 


20° 40> 60° ea 70 1210* 44-10% 
pe adsorbate molecules produces an increase of 
ee 2 0.5 kcal / mole in the net heat of adsorption, 
Pe d=0,.062 Core. ~ 10% of its initial value. The adsorption iso- 
0* 20 sat sa’ so bat ro? but therms in the monolayer region are S-shaped. _ 


me A -195° 
- '@=Q023 


10° 20° * 6 510% 6 7m 810" Dfly 


In Fig. 3, Curves 3 and 4, the experimental 
points of these isotherms are plotted in coordi- 
nates of Equation (1"); they are almost linear, 


although the agreement is less good than in the 
adsorption of nitrogen vapor (Fig. 3, Curves 1 
and 2). Fig. 3, Curves 1 and 2, were used to 
find the constants Kj and Ky given in the Table 
for the values w) = 12.8 A” at —183° and 11.5 A” 
at —195°. It is clear from Fig. 4 that the isotherms calculated from Equation (1) coincide with the experimental 
values over a wider range of @ than those calculated from Equation (2). The applicability region of Equation (1) 
may be extended if it is assumed that the packing of the adsorbate molecules in the adsorbed layer alters as the 
adsorption proceeds, passing from a predominantly hexagonal to a predominatly cubic packing. Simple cubic 
packing of argon molecules corresponds to Wp» = 14.7 A®, and hexagonal packing, to wp = 12.8 A? [12]. Reference 
is made to such a change of the molecular packing of argon in the paper in question [12]. 


{ 


Fig. 2. Initial regions of the adsorption isotherms of 
N; and A on graphitized P-33 carbon black, plotted 
from the data of Ross et al. in h/a coordinates. 


Round Values of the Constants in the Equations for the Adsorption Isotherms of Vapors 
on Graphitized Carbon Blacks 


Constants in absorption isotherm equations 


‘ 
om cre * 1 . 7 
Adlecithate gO og 4 Equation (2)| Equation (1) | Equation (4) cee 
aé aa) 

5 2 = q Ky’ | K, Ky’ Kn Ky Ky | KylKy’ 

HE |>3 S| ° 
n-Pentane 20 | 45 0,65} — — — — | 165 | 0,45 | 0,003 
Cyclopentane 20 | 38,2 | 0,35] — — —_ — 20m aa, oo ola 0,42 
Nitrogen —195 | 16,2} 1,0 | 1150] 4,3 | 1000 | 6,0 — — | 0,006 
Nitrogen —183 | 16,2 | 1,0 580 | 3,5 550 | 2,65/ — — | 0,005 
Argon —183 | 12,8 | 0,72 105 | 4,6 90 | 6,3 — — | 0,07 
Krypton —483_| 14,5 |. 4,0 80 | 6,2 (30) | (80) — — (1) 
Sulfur dioxide 0 | 13,8 | 0,26 | 1,2 Sey eee be’ 8,4 — nO 
Methylamine 0 |°16,0 | 0,34 | 1,2 5,4 — =i} 0, 70.19,5 13 
Ammonia —78,8} 11,4] 0,0 | 0,19] 6,3 _ — | 0,094) 4,6 50 
Methanol 20 | 16,0 | (0,2) | 0,27 | 7,5 — — | 0,10 /35 350 
Water 30} 10,6}; <0} — — |(0,005) | (250) | — — |(50000) 


* The experimental data cited [12-14] refer to low values of h, and therefore when Kj is large the Equation (4) for 
multimolecular adsorption in this region reduces to Equation (1) for monolayer adsorption, 
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Fig. 5 shows experimental points [13] of the adsorption isotherms of krypton vapor at —183° and —195°, and 
also the calorimetric heats of adsorption at — 183°[15]. The initial net heat of adsorption is ~1.5 kcal / mole; 
it then increases and ath = 1.75 - 10 °(@ # 0.75) reaches a maximum of 2.2 kcal / mole, after which it decreases. 


fo 


a ee i 7 ad 
CO Off-h) —— 
Fig. 3. Experimental data on the adsorption of 
vapors on graphitized carbon blacks, plotted in 

coordinates of Equations (1°) and (4): 

1 and 2) nitrogen at —195 and — 183°; 3 and 4) 
argon at —195 and —183°; 5 and 6) krypton at 
—195 and —183°; 7) sulfur dioxide at 0°; 

8) water at 30°; 9) ammonia at —78.8°; 

10) methylamine at 0°;11) methanol at 20°. 


Q kcal/ mole Q kcal/ mole 


1 
507-7? 110% 210° 307 
o moles/m? “167° GOL | moles/m? “195° 


5" 1 10° 207 30" 
YP, 
S 
Fig. 4. Adsorption of argon vapor on P-33 graphitized 
carbon black. 
Designations as in Fig. 1. 


This increase of the net heat of adsorption is also 
the result of adsorbate —adsorbate interaction. 
According to the papers cited [13, 15], the criti- 
cal temperature of a two-dimensional krypton 
layer is about —190°. The adsorption isotherm 

is S-shaped at —183° (i.e., above the critical tem- 
perature) in the unimolecular region. It follows 
from Fig. 3, Curve 5 and from Fig. 5 that Equa~ 
tion (1), like Equation (2), represents the experi- 
mental isotherms for the adsorption of krypton 
vapor at this temperature over a narrow range of 
@ only. The constants of Equation (1), which is 
represented by a continuous line, were found from 
Curve 5, Fig. 3, for wy = 14.5 A”, Equation (1) 
does not correspond to the experimental isotherms 
over a wider range of 6 in this case owing to the 
proximity to the critical temperature of the two- 
dimensional layer. In this case better results are 
given by Equation (3) with Kj = 95 and a = 4. 

The temperature —195° is below the critical value, 
and the adsorption changes discontinuously (Fig. 
5); this indicates a first-order phase transition 

in the krypton monolayer. Equations (1) (see 

Fig. 5) and (2) (see [13]) do not describe this 
effect. Equation (3) indicates the existence of 

a phase transition in this case. Plots of this equa- 
tion for the values Kj = 50; a= 7 and Kj= 72.5; 
a= 8.3 are given in Fig. 5, Curves 3 and 4. 


In all other cases Equation (3) proved to 
be inapplicable: the experimental points for the 
adsorption of nitrogen, argon, and other substances 
studied did not fit on straight lines when plotted 


, 6° d 
in In—t—— = and 9° coordinates. 


h(1—6') 

Fig. 6 shows curves of state for two-dimen- 
sional layers of krypton at —183 and —195° (above 
and below the critical temperature), calculated 
from the experimental adsorption isotherms by 
means of the Gibbs equation (see [1]). For com- 
parison, a plot of the equation of state of an ideal 
gas monolayer at —183° is also given. Fig. 6 
shows that krypton undergoes a two-dimensional 
phase transition at —195°. 


Fig. 7 gives the adsorption isotherms for 
vapors of nitrogen [16], [17], argon [17], and kryp- 
ton [15] in the region of higher h, where multi- 
molecular adsorption is already appreciable in 
the case of nitrogen and argon. Calculation of 
the isotherms from Equation (4) with the values 
of the constants determined from the graphs (Fig. 
3) for the region of monolayer filling gave a curve 


close to the experimental points in the case of adsorption of nitrogen vapor. For adsorption of argon vapor, the 
calculated adsorption for wy = 11.5 A? was considerably greater than the experimental values. However, if it is 
assumed that the packing of argon is looser in the second layer, then the calculated values for the adsorption are 
close to the experimental values with the same values of Kj and Ky, when wy = 14.7 A’ (simple cubic packing), 


This confirms the hypothesis [12] relating to the change in the packing of the argon molecules in the adsorbed layer 
on carbon black. | 
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The adsorption isotherm for krypton on 
graphitized carbon black at low temperatures has 
a well-defined stepwise character [15, 18]. There 
is no smooth transition from adsorption in one 
layer to adsorption in the next. Accordingly, 
the experimental points between the first and 
second stepwise ascents of the isotherm are closer 
to the curve calculated from Equation (3) for 
monolayer adsorption. Equation (4), with con- 


- 183° 3 stants Kj and Ky determined from Fig. 3, Curve 

fe 6 for the monomolecular region, gives the best 
results for wy = 16.5 A” which corresponds to 
less close packing. 


©, moles/ m? 


Adsorption of sulfur dioxide vapor. Fig. 
8 shows the heat of adsorption and adsorption iso- 
70° 20° 3m? 0 Jae ear? therms of SO, vapor at 0° palit [19] fot 
IB, Spheron-6 carbon black graphitized at 2700°. 
The points denote the experimental data.. The 
initial net heat of adsorption of SO, is close to 
the heat of condensation; it then increases 
Above — differential heat of adsorption as a function sharply and reaches the maximum value of 
of h at —183°[15]. Below — adsorption isotherms; the 1.5 kcal./ mole at hs 0.2. The adsorption iso- 
points represent experimental data [13], 1, and 2) cal- therm is S-shaped; it is concave at low values 
culated from Equations (1), (2); 3 and 4) calculated of h, passes through a point of inflection at 
from Equation (3). h s 0.15, and becomes convex. Isotherms cal- 
Kj = 50; a= 7 and Kj= 72.5; a= 8.3. culated from Equations (1), (2), and (4) are given 
in the same diagram, The constants of Equations 
(1) and (4), given in the Table, were found from Fig. 3, Curve 7, and the constants of Equation (2) were found from 
Fig. 9* for the value wy = 13.8 A?**. It follows from Figs. 8 and 9 that the experimental data are in good agree- 
ment with Equations (1) and (2), since in this region of the isotherm 9 < 1. Calculation by Equation (4) gives 
high values for the adsorption when h> 0.15. It is probable that in this case, up tohs 0.4, multimolecular adsorp- 
tion does not play any significant role. This allows of the use of different equations of state for the monolayer. 


Fig. 5. Adsorption of krypton vapor on P-33 graphiti- 
zed carbon black. 


Fig. 10 shows the relationship between the surface pressure 1 of the monolayer and the area w per molecule 
of SO, in the monolayer. It is seen that the curve-calculated from the experimental isotherm by means of the Gibbs 
equation is close to the curve calculated from the equation of state [1] 


n= RT| ——In (4 + Kad) —In(t —0) —6], (5) 
nr 
which corresponds to the equation for the adsorption isotherm (1), and to the curve calculated from the equation 


* Equation (2) gives a linear plot in W and h coordinates, where 
W =0'/(1.—0’) +1n0’/(1—0’)—Inh=InK, + K,0’. (2") 
**® Calculation of a simple cubic packing by the formula w= (M/6 N)¥s, where M is the molecular weight; 6 is 
is the density; N is the Avogadro number, gives wy = 13.0 A’, better agreement with experimental data is obtained 


if @ is calculated with wy = 13.8 A’. 
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of state 


(x + ag/w) (wo — by) = kT, (6) 


in which the constant a, = 0.48 - 107? erg.cm’{mole)? was found from the constant K, = 2a,/b, RT in the Hill 
adsorption isotherm equation (2) for b=w,=13.8 A”, For comparison the ideal condition Curve ™w = kT is shown 
in figure 10, The real curve lies below the ideal curve at high values of w (forces of attraction predominate in 
the adsorbate —adsorbate interaction), crosses it near 

4, dynes/ cm Wy = 20 A”, and then lies above it (repulsion forces 
predominate). It is interesting that the maximum on 
the heat of adsorption curve (Fig. 9) corresponds to 
the similar value w = 24 A®. Since in this case the 
adsorption remains almost monomolecular, the in- 
crease and decrease of the heat of adsorption correspond 
to the predominance first of attraction and then of re- 
pulsion forces between the SO, molecules in the mono- | 
layer. 


Adsorption of ammonia, methylamine, water, 
and methanol vapors. The isotherms and heats of ad- 


sorption of ammonia vapor at —78.8° and of methyl- 


Ae amine at 0° were determined by Dell and Beebe [20]. 
; LO DOD) TOR. iy HOD Ogi ea These results are plotted in Fig. 11. The adsorption 
isotherm of ammonia vapor has no point of inflection 
Fig. 6. Curves of state for krypton monolayers in the region shown in the diagram, and is strongly 
on graphitized carbon black. concave. The adsorption isotherm of methylamine 
1) At— 195°; 2) at —183°; 3) calculated for vapor has two points of inflection; the isotherm is 
the ideal state of the monolayer at —183°. initially concave, and the curve then ascends sharply; 


it passes through the first inflection point, becomes 
convex, passes through the second inflection point, and becomes concave again. A noteworthy fact is the very low 
adsorption of ammonia vapor (net heat of adsorption is roughly zero), and the sharp increase of adsorption on in- 
troduction of a methyl group into the molecule (the net heat of adsorption of methylamine increases with increas- 
ing adsorption, passing through a maximum when the monolayer is completed). 


o, pmoles/ m? 


0 af G2 GF 0 Mf a2 O38 YP, 


Fig. 7. Adsorption isotherms of vapors on graphitized carbon 
blacks in the region of h up to 0.4. 

Points represent experimental values, Nitrogen: 1) [16]; 2) [17], 
curve calculated from Equation (4). Argon: points from [17], 

1 and 2) from Equation (4) for wp = 11.5 and 14.7 A?, Krypton: 
points from [15], 1 and 2) from Equation (4) for w = 14.5 and 
16.5 A’, 3) from Equation (3). 


Curves 10 and 11 in Fig. 3 were ‘used to find the constants Kj and Ky in Equation (4) for Wp = 11.4 A? for 
ammonia, and w = 16 A? ** for methylamine. Fig. 11 shows that Equation (4) fits the concave experimental 


* Calculated for simple cubic packing. 


**In accordance with the van der Waals dimensions of the CHg group and data for adsorption of methanol on 
graphite [21]. 
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Q kcal/ mole . : 4 
isotherm for adsorption of ammonia vapor up toh & 


0.55, and the adsorption isotherm of methylamine 
vapor, with two inflection points, up to h & 0.2; sub- 
sequently the calculated values for the adsorption de - 
viate from the experimental data because of the in- 

GY 02 0 4 Os accuracies introduced by the assumptions that the equi- 
librium constants of the horizontal interactions [1] and 
vertical interactions in the second and subsequent 
layers [9] retain constant values. The Hill equation 
gives a satisfactory fit with the initial regions of these 
isotherms (Figs. 9 and 11). 


It was shown earlier [1, 2] that when the con- 
stant Kj is small, Equation (4) approximates to the 


equation 
Kok. 44 
; 1 1 
iki ik td Ws wspeteere eka which is represented by a straight line with a negative 
slope in the coordinates of the linear form of the BET 
Fig. 8. Adsorption of SO, vapor on gra- equation. The experimental adsorption isotherm of 
phitized black. ammonia [20] is plotted in these coordinates in Fig. 
Points represent experimental values [19]. 12. Calculation of the constant Kj from this equation 
Above — differential heat of adsorption as gives 0.095, which is close to the value found from 
a function of h. Below — adsorption iso- Fig. 3, Curve 9, and Equation (4). 
therms. 1, 2, 3) calculated from Equations 
(1), (2) and (4). The adsorption of water vapor [22] (Fig. 11) is 


even less than that of ammonia; the isotherm remains 
concave up to saturation. The net heats of adsorption of water vapor on graphitized carbon black are apparently 


5 8 


; | 
0207 06 05 0 Of 2 0? Qs O5 060 


Fig. 9. Adsoprtion isotherms of vapors of CHs;OH, CHsNH,, SO, and 
NH; on graphitized carbon blacks, in W = @'/(1—0)+ In@/(1-0')— 
—Inh and @* coordinates. Points represent experimental values. 


initially negative [23, 24]. The values of @ are less than unity in all cases. Therefore the adsorption isotherm of 
water vapor is satisfactorily represented by Equation (1) for monolayer adsorption (Fig. 3, Curve 8). The value of 
Wo was taken as 10.6 A? for water ( a = 1.5 4 mole/ m?) [25]. The introduction of a methyl group into the water 
molecule (as into the ammonia molecule) greatly increases adsorption on graphite. The adsorption isotherm of 
methanol vapor [21, 22, 26] is concave at low values of h, passes through the first inflection point near h # 0.2, 
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and then becomes convex. Ath & 0.5 (@ # 1) it passes through the second inflection point and becomes concave 
again. The relationship between h and the heat of adsorption of methanol vapor on graphitized carbon black, 
plotted in Fig. 11, was calculated from the data of Millard et al. [26]. The experimental points are not given in 
their paper. In our opinion, the portion of the curve represented by the dash line is too high. The variation of the 
heat of adsorption of methanol with h should be analogous to the corresponding variation in the adsorption of methyl- 


amine [20]. 


mw, dynes/ cm 


20 


10 


a 20 0 +60 G0 100 1200 t0wA® 


Fig. 10. Curves of state of a monolayer of SO, on graphitized 
carbon black; 1) from experimental isotherm; 2) from Equation 
(2); 3) from Equation (1); 4) for the ideal state. 


Q kcal/ mol Q kcal/ mole 


EH NHe. 


p/p, 


Fig. 11. Adsorption of NH3, CHsNH,, H,O, and CH;OH vapors on 
graphitized carbon blacks. 

Above — differential heats of adsorption as functions of h; below — 

— adsorption isotherms. Points represent experimental values for 

NH3 [20], CHsNH, [20], H,O — 5,6 [22] and CH,OH — 1, 2[21], 3 [22], 
4[26]. Curves 1 and 2 calculated from Equation (4) and (2); Curve 
3, frore Equation (7); Curve (4), from Equation (1). 
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Adsorption isotherms of methanol vapor calculated from Equations (4) and (2) are plotted in Fig. 11. The 
constants of these equations, given in the Table, were determined graphically (Fig. 3, Curve 11, and Fig. 9), wo 
for methanol being taken as 16 A? (21].* 


\ 
It follows from Fig. 11 that the experimental 


any adsorption isotherm of methanol vapor gives a satis- 
factory fit with the equation for multimolecular ad- 
sorption(4)up toh * 0.4, At higher values of h the 
calculated isotherm lies above the experimental 

curve for the same reasons as in the case of methyl- 
amine, Moreover, in the adsorption of methylamine 
and methanol, complications may arise owing to changes 
of their molecular orientation [28]. ** 


The round values of the constants in Equations 
(1), (2), and (4) for the cases under consideration are 
given in the Table. Since the equilibrium constants 
depend very much on the temperature, their values — 


G2 gs 48 48 p/p, can be compared only for groups of substances studied 
at similar temperatures. Nevertheless, the general 
Fig. 12. Isotherms for the adsorption of NHg course of the K,/ Kj ratio in the transition from ad- 
vapor on graphitized carbon black, in coordi- sorption of hydrocarbons and nitrogen, to the adsorption 
nates of Equation (7). The points represent of ammonia and water, is quite clear. 


experimental values [20]. 


SUMMARY 


1. Equations for isotherms for uni- and multimolecular adsorption on homogeneous surfaces, with adsorbate — 
—adsorbate interaction in the first layer taken into account, were applied to literature data on the adsorption of 
various vapors on graphitized carbon blacks. 


2. The approximate Equations (1) and (4) agree satisfactorily with these experimental isotherms in the re- 
gion of unimolecular adsorption and at the start of multimolecular adsorption (above the critical temperature of 
the monolayer). 


3. As adsorbate —adsorbent interaction weakens and adsorbate — adsorbate interaction rel atively increases, 
the isotherms change their shape, from convex in the initial region, with one point of inflection (normal alkanes), 
to initially concave with two points of inflection (nitrogen, argon, krypton, sulfur dioxide, methylamine, methanol), 
and then to concave throughout, without inflections (water). The adsorption isotherm of ammonia is concave over 
a considerable range of relative vapor pressures. 


The authors express their deep gratitude to N. N. Avgul’ for help in the calculations and for valuable advice 
in the discussion of the results. 
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SECONDARY EFFECTS ON PRECIPITATION CHROMATOGRAMS OF VARIOUS 
COMPOUNDS 


V. D. Kopylova and K. M. Ol'shanova 


Changes in the chromatograms with time are more common in precipitation chromatography than in other 
types of chromatographic analysis [1]. These changes, which have been termed secondary effects, consist mainly 
of the following effects: zone boundaries become leveled out, new zones are formed, in some cases the zones 
more down and sometimes up the column; the initial zone splits into a number of rings; the color intensity in- 
creases, and the colors of the zones may change in some cases, etc. The nature of the changes in precipitation 
chromatograms in the course of time depends on the experimental conditions, including the concentration of the 
precipitant, the concentration of the test solution, the presence of impurities in it, the method used for formation 
of the chromatogram, and the temperature. 


Time changes are more common in precipitation chromatograms than in other types of chromatograms (mole - 
cular, ion-exchange chromatograms) because the columns used in precipitation chromatography are more complex 
in composition, consisting of a mixture of two mutually inert substances — carrier and precipitant [2]. Therefore 
the formation of a chromatogram in a column of this type depends on numerous factors, and side effects are liable 
to be more frequent and more complex than in other forms of chromatographic analysis. 


No data are available in the literature which would account for the changes in precipitation chromatograms 
with time, although this question is important both from the practical and from the theoretical standpoints. 


For a detailed elucidation of the laws governing the changes in precipitation chromatograms with time, a 
study was made of secondary effects in the precipitation:chromatograms of phosphates, chromates, and hydroxides 
of various cations, and of a number of other precipitates, in relation to the experimental conditions (composition 
of the column, composition and concentration of the test solution and precipitant, method used for preparation of 
the chromatogram, and the temperature of the experiment). Changes in the precipitation chromatograms and va- 
riations of the distribution of the precipitated ion and precipitant along the column, as functions of the above-named 
factors, were studied visually. The most important of the results obtained are presented in this paper. 


MET HOD 


With the use of radioactive tracers. A mixture of carrier and precipitant was packed carefully into a tube 
of transparent water-impermeable polyvinyl chloride film, ~0.1-0.2 mm thick, 12 cm long, and 0.5-0.6 cm in 
diameter, blocked with cotton wool at the lower.end. 0.2 ml of distilled water was introduced into the column, 
followed by a definite volume of the test solution. Primary chromatograms were obtained in 6-8 colunms simul- 
taneously. The radioactive isotope was introduced either into the precipitant or into the test solution, according 
to the problem under investigation. The distribution of the tracer isotope along the column was observed 2, 24, ~ 
48, 72, 96, and 144 hours after the end of percolation of the test solution. The chromatogram was cut into por- 
tions 2-3 mm long. Each portion was dried to constant weight, weighed to the nearest 0.001 g, transferred to an 
aluminum plate, powdered thoroughly, and spread over an area of 1.5 cm?, The radiation intensity of each layer 
of the column was measured by means of a counter. The results were used to calculate the number of meq of the 
tagged substance per 100 mg of dry column material, and the amounts of substance (in meq per 100 mg of column 
material) were plotted against the weight of the zone (in mg), to give distribution curves of the substance along 
the column, with the top of the column corresponding to the coordinate origin. 
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Without radioactive tracers. In a number of cases the investigations were performed without the use of 
radioactive isotopes. The experimental procedure was the same as with the use of tracers, but the chromatograms 
were not cut; the lengths of the zones of colored precipitates were measured to the nearest 0.5 mm, and the color 
of the zone was recorded (usually by drawing). 


The time changes in precipitation chromatograms of hydroxides, phosphates, chromates, and other compounds 


were studied for most of the individual cations of the 3rd and 4th analytical groups, and for mixtures of two or more 
cations from these groups. 


The first series of experiments showed that the following are the most characteristic time changes in the 
majority of the precipitation chromatograms. 


1. Leveling of the zone boundaries in the chromatograms. 


2. Increase of the initial zone length. This is often accompanied by the appearance of a new zone under 


the lower boundary of the chromatogram, with a similar color (but somewhat lighter or darker) to the color of the 
zone in the primary chromatogram. 


3. Change of the color of the chromatogram as the result of various oxidation—reduction reactions (this is 
especially characteristic of hydroxides). 


In some instances the precipitate moves down the 


i oo column. If a precipitate in the upper zone migrates, a 
es zone of pure carrier is formed at the top of the chroma- 
G04 1 togram; if a precipitate occupying an intermediate or 
the lowest position in the chromatogram migrates, a zone 
Wi of pure carrier is formed between the precipitates. In 


our experiments, zones of pure carrier were formed only 

in the precipitation chromatograms of the hydroxides of 

the following cations: Fe", Fer cr 7 Fes st Hg’*. 
ia ye In the first and second cases the Fe(OH), zone moved down- 
ward and a zone of pure carrier was formed in the upper 
part of the chromatogram; in the third case the lower 
Fe(OH), zone moved down the column, while the HgO 

zone remained at the top of the chromatogram, so that 
zone of pure carrier was formed between them, 


pink zone 
§06F.— pink zone 


of carrier 


b Le NaS 


Meq. NajHPO, and Co?* per 100 mg 
S 


i 20 ato Seay <The results showed that the Cape eni poner: 
weight of zone, mg tions influence the time changes in the precipitation 
chromatograms as follows. 
Fig. 1. Time changes in the distribution 


DE ae : recipita ion i ; 
of precipitant (NajHPO,) and precipitated 1. As the prec P t Be concentration increases, the 
a+ rate of change of the initial zone length and the rate of 
ion (Co*’) along the column, after the ; ‘ 
é f leveling of the zone boundaries both decrease; the rate 
end of percolation of the solutions: ape Repeat | scr oh we Oh : aide 
1). distribution of the precipitant, HPO? change of the color of the chromatogram increases. 


(0.5 meq/ 1 g of carrier); II) distribution 
of the Co?* ion (0.2 g-equiv./ liter); 
1) after 4 hours; 2) after 48 hours. 


2. Increase of the concentration of the test solution 
increases the rates of boundary leveling and change of 
zone length in the primary chromatogram. 


3. Changes in the precipitation chromatograms become more rapid with increase of temperature, 


For elucidation of the mechanism by which the precipitation chromatograms change, tagged po). Con, Fee, 
atoms were used to determine the course of the distribution of precipitant and precipitated ion along the 


column with time, as functions of the concentrations of the precipitant and the precipitated ion, and of the experi- 
mental temperature. 


H Phage 


The experimental results show thats: 


1, The distributions of the precipitated ton and precipitant along the column vary with time (Fig. 1). These 


variations directly depend on the experimental conditions and produce the visible changes in the preceipitation 
chromatograms, 
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2. The variation of the distribution of the precipitant along the column usually consists of its movement 


(diffusion) up the column. Increases of the precipitant concentration and temperature usually accelerate migra- 
tion of the precipitant (Fig. 2). 


3. The concentration of the precipitated ion decreases with time along the zone (roughly uniformly along 
the whole length of the zone), so that the length of the initial zone increases. The newly-formed part of the zone 
may be more dense (with amorphous precipitates) or less dense (with crystalline precipitates) than the initial zone 
(Fig. 3). Thus, the visible changes in precipitation chromatograms are directly related to the processes taking place 
within the column (displacement of the precipitant and the precipitated ion, migration of the precipitate). In our 
opinion, the leveling of the boundaries and increase of the zone lengths in the initial chromatograms are mainly 
the results of diffusion of the precipitated ion present in the pores of the carrier, and of partial creeping of the pre- 
cipitate down the column. This is shown by the time decrease of the concentration of the ion in the initial zone, 
and its presence in the newly-formed part of the zone (Figs. 1 and 3). 


Ll 
= 
q o 
a PK: v1 
gs 3 
= a, 3 
26 8B 
.S ia: 
ga ds 
=e Sa 
oe weight of zone, mg weight of zone, mg 
Fig. 2. Effect of temperature on dis- Fig. 3. Time variations of the distri- 
placement of the precipitant along bution of different precipitates along 
the columns; the columns 
1) after 4 hours; 2,3) after 48 hours; 1, 2) precipitate of Coy¢PO,),; 3, 4) 
2) at 20°; 3) at 40°. Precipitant — precipitate of cobalt rubeanate; 1, 3) 
Na,HPO, (0.5 meq/ 1 g of carrier). 4 hours after end of percolation of the 
Precipitated ion — Co?+ (0.2 g-equiv./ solution; 2, 4) after 48 hours. 
/ liter). 


The microstructure of the precipitate determines which of these factors prevails. Thus, if the precipitates are 
are colloidally dispersed, their adhesion to the carrier is low, and they creep down the column (as in the precipi- 
tation chromatograms of hydroxides, ferricyanides, and some other precipitates). The density is usually higher in 
the newly-formed part of the zone than in the initial zone, and the former is considerably brighter in color, The 
first factor is predominant in the formation of precipitation chromatograms with crystalline precipitates (chromates, 
phosphates, and some other compounds). Moreover, recrystallization of crystalline precipitates is of great signifi-. 
cance. The density of the precipitate is usually less in the newly-formed part of the zone than in the primary zone. 
The occasional creeping of the precipitate and formation of a zone of pure carrier are generally characteristic of 
amorphous precipitates, and are in all probability the consequence of low “adhesion” of the colloidal precipitate 
to the carrier. 


In addition to the above factors, diffusion of the precipitant and the precipitated ion along the column is of 
great significance (Fig. 1). The rate and direction of diffusion are determined by Fick's first and second laws, 
and depend on the nature of the precipitant, its concentration, and the temperature. Diffusion of the precipitant 
is especially important when it is present in high concentrations, and at high temperatures. The time variations 
in the color of the zones in the chromatogram are caused by various oxidation—reduction processes. 


The rates at which the zone length varies and the boundaries are leveled decrese with increasing concentra - 
tion of precipitant, as for a given concentration of the test solution the density of the precipitate formed increases 
and its tendency to migrate diminishes. Diffusion of the test solution downward out of the pores of the carrier leads 
to leveling of the lower boundary and to lengthening of the zone, the latter being greater at lower precipitant con- 
centrations. Moreover, as the precipitant concentration increases, its ions diffuse at a greater rate in a direction 
opposite to the displacement of the precipitate and the test solution, so that these processes are retarded and the 


zone length changes at a lower rate. 


Increase of the concentration of the test solution results in an increase in the number of ions of this solution 
present in the carrier pores. Downward diffusion of the ions results in leveling of the boundary and increase of the 
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zone length, at increasing rates with increasing concentration of these ions in the solution, as this increases the 
amount of precipitate formed from the solution present in the carrier pores. In the case of colloidal precipitates, 
increase of the rate of diffusion of the ions being precipitated results in their creeping down the column more rapidly, 
which also increases the zone length. With crystalline precipitates, the higher the concentration of the test solu- 
tion, the smaller are the crystals initially formed. In the course of time, recrystallization of the precipitates takes 
place in the chromatogram, and as a result the newly-formed crystals are distributed over a considerably greater 
length than in the primary chromatogram. The increase of zone length as the result of this process is proportional 
to the concentration of the test solution. Variations of the temperature cause changes in the rates of diffusion and 
the chemical reactions, which naturally influence the time variations in the precipitation chromatograms. 


In conclusion, it must be pointed out that the results of these investigations not only reveal the nature of the 
processes which cause secondary effects in precipitation chromatograms in a number of cases, but also make it 
possible to regulate these processes by variation of the conditions for the formation of precipitation chromatograms. 
Furthermore, the above considerations may often be used to account for secondary effects in molecular and ion- 
exchange chromatograms. Thus, leveling of zone boundaries and lengthening of the zones with time can be attri- 
buted to diffusion of the solution present in the carrier pores, and to changes of the equilibrium conditions of ad- 
sorption or ion exchange along the column. If the development of an ion-exchange chromatogram involves the 
formation of a precipitate, then in many cases the time changes in such (developed) chromatograms are analogous 
to the changes observed in precipitation chromatograms. 


SUMMARY 


1. The changes which occur in time in precipitation chromatograms of hydroxides, phosphates, chromates, 
and other compounds in relation to the experimental conditions (temperature, concentrations of precipitant and 
test solution) have been studied. 


2. Asa rule, changes in the precipitation chromatograms occur as the result of diffusion of the solution down 
the column, partial creeping and recrystallization of the precipitate, and various oxidation=reduction reactions. 


The Moscow Technological Institute Received February 25, 1957 
of the Meat and Dairy Industries 
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EFFECT OF THE DENSITY OF POLY TRIFLUOROCHLOROETHYLENE ON 


DIELECTRIC LOSS 


G. P. Mikhailov, B. I. Sazhin, and V. S. Presniakova 


In studies of the influence of the crystallization of polymers on their physical properties, use is generally 
made of the concept of the “degree of crystallinity," which represents the volume or weight fraction of the sub-: 
stance present in the crystalline regions, The degree of crystallinity (X) is a very arbitrary chracteristic; for ex- 
ample, for dilatometric determination of X it is necessary to know the densities of the amorphous and crystalline 
regions of the polymer, and the first region is often determined by linear extrapolation, to room temperature, of 
the melt volume — temperature relationship, while the latter is determined from x-ray and electron diffraction 
data. Both these methods are often inaccurate and unreliable. Indeed, the V = g(X) relationship may be nonlinear 
over a wide range of temperatures. On the other hand, the formal application to polymers of the theory of x-ray 
scattering, developed for low-molecular crystals, sometimes leads to erroneous conclusions concerning polymer 
structure. Moreover, in calculations of X it is generally assumed that the polymer may be regarded as a mechani- 
cai mixture of amorphous and crystalline regions, and the existence of regions of intermediate degrees of order is 
not taken into consideration. All this shows that the so-called degree of crystallinity is a conventional chracteristic 
which does not reflect a number of details of polymer structure; nevertheless, this concept is widely used in studies 
of polymer properties and in their practical utilization. 


The dilatometric, optical, and x-ray methods are used for determination of the degree of crystallinity. The 
use of heat capacity and nuclear magnetic resonance methods for this purpose has been reported. In all these 
methods determination of X depends on the fact that crystallization changes many physical properties of polymers. 


It has been shown in a number of papers [1, 2] that polymer crystallization has a significant influence on 
dielectric loss and the dielectric constant, and also on the variations of these quantities with temperature and fre- 
quency. However, the influence of crystallinity on dielectric properties was investigated only qualitatively. The 
literature contains no reports of studies of the quantitative relationships between the dielectric properties and the 
crystallinity of polymers. However, the question is one of considerable interest. If a definite relationship exists 
between the degree of crystallinity of a polymer and, say, the dielectric loss, the degree of crystallinity could be 
determined by means of relatively simple dielectric measurements; i.e., the degree of crystallinity could be de- 
termined by a dielectric method. 


The present paper deals with a study of the influence of the density of polytrifluorochloroethylene (F-3) on 
its dielectric loss, carried out in order to determine the possibility of using a dielectric method for determination 


of the degree of crystallinity of this polymer. 


It was shown earlier that two types of relaxation dielectric loss occur in F-3; high-frequency relaxation loss 
(HFR), at temperatures below t,, and medium-frequency relaxation loss (MFR), at t> t {1}. It was also shown that 
tané decreases in both loss regions in chilled specimens after annealing; i.e., that crystallization of F-3 is accom- 
panied by a decrease of tan§. In studies of the effect of density on the dielectric loss it is possible in principle to 
measure tané in both the HFR and the MFR regions. However, in the latter case it proved necessary to heat the spe- 
cimens above t,. This might have resulted in additional crystallization in specimens of low crystallinity. There- 
fore tané for F-3 specimens of different densities was measured in the HFR region, and the temperature of the spe- 
cimens during the experiments did not exceed 110-120°. There were no appreciable. changes in the degree of crys~ 
tallinity of the specimens under these conditions. 
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The degree of crystallinity (X) of F-3 was calculated from the formulas 


Vial ca Vi 


ss ul! Po (P ~ pa) (1) 
Va~Ve  P(Pc~ Pa) 


,’ 


where V, V,, and V,, are the specific volumes of the specimen and of the amorphous and crystalline phases of the 
polymer respectively; p, py, and p,, are the corresponding densities. 


The densities of the specimens were determined by the hydrostatic-weighing method. An analytical balance 
type ADV-200 was used; specimens in the form of films 18 or 100 p thick and 1-3 g in weight were weighed in 


distilled water at room temperature. 


The Table includes the results of repeated determinations of the density of Specimen 4; it is seen that the 
absolute error in determinations of p is + 0.0006 g/cc, i.e., that the relative error in determinations of Ap/p 


is approximately + 0.03%, 


Calculations of the Degree of Crystallinity. Values of (X) forSpecimens of Polytri-: 
fluorochloroethylene of Different Density at 19° 


fj P, 
spect |g/ec | w/c 


Rs QU/DD 
bo 
_— 
j=) 
=) 
oS 
(=) 
> 
S 
(=) 
NS 
on 
qo 
ec 
(se) 
cS 


X, % 


Ap, 


g/cc 


Speci- ; 
mens al ds 


SS) 2,1200) 0,0005 4,66 43,5 
6 2,1237) 0,0001 4,63 45 

7 2,1270| 0,0020 4,18 46,5 
8 2,1398} 0,0005 3,77 52,5 
9 2,1420) 0,0020 3,84 | 53 
10 2,1465) 0,0005 3,98 59 
11 2,1497| 0,0003 3,03 57 
12 2,1511) 0,0005 3,44 57,9 
13 2,1511] 0,0006 3,34 97,9 
14 2,1614) 0,0005 3,20 62 
19 2,1645} 0,0005 3,20 64 


F-3 was subjected to special heat treatment to give specimens of different densities, the density difference 
being up to 3%, so that the hydrostatic-weighing method was suitable for recording density variations of the spe- 


cimens with a large margin of sensitivity. 


x70? tan 6 


Fig. 1, Variation of the high-fre- 
quency relaxation dielectric loss of 

F-3 with temperature at 80 kilocycles: 
1) Specimen 1,p = 2,0886 g /cc; 2) Spe- 
cimen 5, p = 2.1200 g/cc; 3) Specimen 
10, p = 2.1465 g /cc; 4) Specimen 15, 

p = 2.1645 g/cc. 
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The values of p, = 2.03 g/cc and Pg = 2.25 g/cc, 
required for calculations of crystallinity with the aid of 
Formula (1), were taken from published papers [3]. 


The variations of tan§ with temperature for four 
specimens of F-3 of different densities are plotted in Fig. 1. 
It is seen that at a frequency of 80 kilocycles all the spe- 
cimens show maximum dielectric loss at 78°. Tané de- 
creases with increasing density, this decrease being most 
prominent in the region of maximum tan§. For example, 
whereas for Specimen 1 tané,, = 5.5 * 107, for Specimen 
15 taném = 3.2° 10°", These data apply to the specimens 
with the greatest crystallinity difference. The results of 
determinations of density and tan pp for thirteen other 
specimens with intermediate values of p and X are given 
in the Table, and some also in Fig. 1. 


Fig. 2 (Curve 1) shows the variation of tané yp, with 
the density of F-3 in the region of maximum HER at 80 
kilocycles, It is seen that tan§; decreases regularly 
with increasing density. For most of the specimens the 
deviations do not exceed 2% of tan or 0.1% of the 
density. These results show that the dielectric loss in 


the region of maximum HER bears an almost definite relationship to the density of the polymer. 


170? tan 6 Curve 2 in Fig. 2 represents the variations of 

: tané,, with the content of the "amorphous" phase 
(1—X) in F-3. The degree of crystallinity was cal- 
culated from Equation (1), with the values of p, p, 
and Pp, given above; the calculated values of X 
are given in the Table. ‘It follows from the data in 
Fig. 2 that the dielectric loss of F-3 is roughly in 
direct proportion to the content of the amorphous 
phase. This, together with earlier data [1], shows that 
the HFR loss in F-3 is due to processes in the amorphous 
regions. The decreases of €' and tané of F-3 on 
crystallization are probably the results of transition 


209 of some macromolecular segments from the amorphous 
into the crystalline regions, with corresponding changes 
Fig. 2. Variations of tané,, in the region of in the relaxation times for these regions. 


maximum high-frequency relaxation loss of 
F-3 at 80 kilocycles, with the density p and 
the content of the amorphous phase (1 — X). 


It follows from our results that the degree of 
crystallinity of F-3 can be determined by means of re- 
latively simple measurements of dielectric loss. The 
dielectric method could probably be used for determination of the degree of crystallinity of rubber, polyethylene 
terephthalate, etc. Indeed, it has been shown that the values of €* and tan6 in these polymers decrease on crystal- 
lization, so that the densities and crystallinities of these polymers may be determined for measurement of tané 
with the aid of calibration graphs similar to Fig. 2. Of course, this method would be most successful for polar 
polymers, in which impurities have less influence on ¢ ‘and tané than in nonpolar substances. 


SUMMARY 


1. It was shown by determinations of the density and dielectric loss of polytrifluorochloroethylene . that 
in the region of maximum dielectric loss tan§ decreases regularly with increasing density, and is almost directly 
proportional to the content of the amorphous substance. 


2. The dielectric method can be used for determinations of the degree of crystallinity of this and some 
other polymers. 


The M. I. Kalinin Polytechnic Institute Received April 3, 1957 
Leningrad 
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SOME EXPERIMENTAL STUDIES OF THE PHYSICAL CHEMISTRY OF STARCH 


V.I. Nazarov, N. P. Silina, and T. P. Tikhomirova 


The effects of temperature and of electrolyte solutions on the behavior of starch grains are considered in 
this paper. It is known that starch grains consist mainly of polymeric carbohydrate chains of varying degrees of 
branching. A number of starch properties, such as the gelatinization temperature, depend on the internal structure 
of the grains and on the nature and stability of the bonds between the individual components of the starch grain. 
Hydrogen bonds play an important part in the formation of a stable internal structure in starch grains [1, 2]. 


Effect of temperature on the properties of starch. Without considering the question of gelatinization of aqueous 
starch suspensions, let us examine certain data on the influence of preliminary heating of air-dry potato starch on 
the gelatinization temperature. 


Rakovskii [3] considered that 120° is a 
certain limiting temperature at which starch, 
without changing visibly, is capable of losing 
all the water contained in it. It was shown 
by one of us (jointly with Nikolaev) [4] by a 
thermographic method that most of the bond 
water in starch is lost at about 107°. The dis- 
placement of the hydration and dehydration 
curves which was observed by Rakovskii was undoubtedly caused by changes in the stability of the intermolecular 
bonds which determined the original internal structure and the physicochemical properties of the starch grains. 
We studied the effect of the time for which air-dry potato starch was heated at 100°, on its gelatinization tempe- 
rature (tge}). The heating curves of aqueous suspensions, recorded by means of the Kurnakov pyrometer, show 
(Fig. 1) that the gelatinization temperature decreases with increase of the duration of the preliminary heating 
(see Table). 


Effect of Time of Heating at 100° on the Gelatinization 
Temperature of Potato Starch 


Heating time, 
hours 


72.0 | 71.5] 70 | 68.5 | 64.0 | 63 


‘eel’ degrees 


The temperature chosen for the preliminary heating of starch was 100°, so that deeper changes in the inner 
structure of the grain were unlikely. It was assumed that the effect of the heating was to weaken the bonds in the 
internal structure of the starch grains, with a consequent lowering of the gelatinization temperature. 


After removal of almost the last traces of water at 120°, further increase of temperature produces more seri- 
ous changes in the intemal structure of starch grains, accompanied by a number of diverse chemical processes (in- 
cluding dextrinization). This has been clearly shown, for example, by Ulmann [5]. 


Effect of electrolytes on the properties of starch. The question of interaction of ions with starch is of great 


theoretical and practical interest. The nature of the ions bound with starch often has a distinct influence on some 
of its physicochemical properties. For example, Dumanskii [6] showed that the water-binding capacity of starch 
depends on the nature of the cations present. It is also known that starch is an ion exchanger. Ion exchange in 


starch can be clearly demonstrated [7]. 

To prepare starch containing definite cations, it is first necessary to treat it with acid in order to exchange 
the cations in it for hydrogen ions, and then to treat it with a solution of a salt in order to replace the hydrogen 
ions by the cations in question. 


The results of filtration analysis lead to the following conclusion. Although the number of ions bound with 
the starch is very small, their influence on filtration and moisture retention is quite clear. Ions of metals of the 
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second group had a more definite effect than those of the first. 


mY? 


Fig. 1. Thermograms of samples of potato starch previously heated at 
100° fors 
1) 1hour; 2) 2hours; 3) 3 hours; 4) 4 hours; 5) 5 hours. 


The cations formed the following series in order of their influence on the water retention of starch: 
Mg** >> Nat >' Ba?* > Ca** 
The water retention of native starch is always higher than that of starch after acid treatment (“acid™ starch), 


Adsorptive capacity of starch. The adsorptive capacity of starch has been studied very little [8]. Our investiga: 
tions showed that the adsorptive capacity of strach depends on the cations present in it. The adsorbate chosen was 
the dye methylene blue, which is adsorbed well by starch. As previously, hydrogen ions in “acid” starch were re- 
placed by the cations under consideration, and the adsorptive capacity of these specimens was then studied. The 
cations form the following series in order of their influence on the adsorption of methylene blue: 


Nat > Mg** > Ba*+ > Ca?*, 


Viscosity of solutions of “ionic” starches. 


The ions bound with the starch carbohydrates may 

7 influence the stability of the bonds between the 

components of the starch grains, and aqueous so- 

lutions of starch prepared under similar conditions 

but with different ions present may differ in vis- 

cosity. For example, it should be noted that the 

viscosity of “acid” starch is always lower than the 
uA viscosity of native starch, as shown in Fig. 2. 


The viscosties of solutions of "cationic" starches 
2 are closer to the viscosity of native starch. We have 
the following series for the solution viscosities of 
“cationic” starches: 


gas 


gol Ba2t > Ca2* > Mg?* > He: 
0 G2 G4 Gh 
If a starch has been treated with a solution 
of an electrolyte and then washed thoroughly, the 
eventual number of ions bound with the starch is 
relatively low, and their influence on the properties 
of the starch depends on their location and the nature of the bonding to the individual elements of the internal 
structure of the starch grain. The situation is different if the starch is present in an electrolyte solution, where the 


force fields of the ions have a considerable influence on the physicochemical properties of the starch grains; this 


Fig. 2. Viscosity — concentration graphs for 
solutions of native (1) and acid (2) starch, 
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was demonstrated by a number of authors some time ago [9, 10]. The ions penetrate into the grains and interact 
with the polar regions of the internal structure; this influences its strength and therefore a number of physicochemi- 
cal properties of the grain. This is confirmed by our data which show the existence of a linear relationship between 
ionic refraction and gelatinization temperature of starch in solutions of different electrolytes* (Fig. 3). 


KCL 
tgel a 
58 
KBr. 
54 
50 
46 


ee ae OR hee 0 2 30 00 R, 
Fig. 3. Gelatinization temperature of starch as a function of the ionic 
refraction of anions (a) and cations (b), 


The mechanism of the influence of ions on the properties of starch is not the same when they are bound with 
the carbohydrate components of starch as when the grains interact with an electrolyte solution. The work of 
Ruggeberg [11] on the influence of ions on the properties of starch paste isof some interest in this respect. This 
author regards starch as an electrolyte, with ion-exchange properties, and explains the action of ions on the pro- 
perties of starch paste on this basis. 


SUMMARY 


1. Heating curves of aqueous suspensions of potato starch were obtained by means of the Kumakov pyrometer; 
it was found that the gelatinization temperature is lowered if samples of air-dry starch are subjected to prelimi- 
nary heating. This is the consequence of a decrease in the stability of the internal bonds in starch grains under the 
action of heat. 


2. Ions bound with starch influence some of its properties; they can be arranged in the following series 
according to their influence ons 


a) filtration 

Mg?* > Nat > Ba** > Cat, 
b) adsorption of methylene blue 

Nat > Mg?* > Ba** 5 Ca? 
c) solution viscosity 

Ba*t 5 Ca** > Mg*+ > Ht. 


3. There is a linear relationship between the ionic refractions and the gelatinization temperature of starch 
in solutions of the corresponding electrolytes. 


The Moscow Technological Institute Received April 1, 1957 
of the Food Industry 
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THE TOPOCHEMISTRY OF DROP POLYMERIZATION OF VINYL CHLORIDE 


B. F. Teplov and P. M. Khomikovskii 


Two kinds of emulsion polymerization are known: 1) polymerization in emulsions stabilized by soaps, which 
takes place in small polymer~monomer particles [1-5], and which leads to formation of latexes. 2) Polymerization 
in emulsions stabilized by protein emulsifiers or polymers, under the influence of initiators soluble in the monomer. 
In this case the polymer is obtained in the form of a relatively coarse suspension. Comparisons of the rates and’ 
activation energies of polymerization in bulk and in emulsions, of the average molecular weights of the polymers, 
and of the effects of peroxide concentration and nature of the emulsifier on the polymerization rates, showed that 
the process takes place within drops of the monomer (and can therefore be described as drop polymerization) and 
does not differ from polymerization in the mass of the monomer in its molecular mechanism [4, 6, 7]. Similar 
conclusions concerning the topochemistry of the process were reached by Rutoyskii et al. [8] as the result of their 
observations of color changes in the particles on addition of an oil-soluble dye to the monomer. 


It is known that appreciable amounts of organic substances can be dissolved in gelatin solutions. The .ques- 
tion therefore arises whether polymerization takes place in miscelles of gelatin containing dissolved monomer, 
and if so, at what rate this process takes place. 


Reliable data on the topochemistry of drop polymerization can be obtained from comparisons of the rates 
of the process in water, in emulsifier solutions, and in emulsion, 


The present work consisted of a study of the polymerization of vinyl chloride in water and in 2% solution of 
photographic gelatin under the influence of benzoyl peroxide (BP) and azobisisobutyronitrile (ABN). 


Solubility of initiators and vinyl chloride. For determination of the solubilities of benzoyl peroxide and : 
azobisisobutyronitrile, these substances were shaken with water or gelating solution in sealed bulbs, and the undis~- 
solved residues were weighed. Saturation was reached after 5-6 hours. For determination of the solubility of vinyl 
chloride, it was fed in the gas phase from a glass measuring vessel containing the liquid monomer into an autoclave 
containing 4 liters of water or of gelatin solution. Saturation of the aqueous phase resulted in a constant value of 
the vapor pressure, corresponding to the vapor pressure of vinyl chloride at the given temperature. The results are 

‘given in the Table. 


It follows from these results that benzoyl 
peroxide is almost insoluble in water and in 
gelatin solution. Azobisisobutyronitrile is appre - 
ciably soluble in water, Vinyl chloride is some- 
Solubility in g/liter what more soluble in gelatin solutions than in 
in 2% photo - water. 
graphic gelatin 
solution 


Solubilities of Benzoyl Peroxide (BP), Azobisiso- 
butyronitrile (ABN), and Vinyl Chloride (VC) in 
Water and in 2% Photographic Gelatin Solution 


Temperature 


Solute (deg) 


For estimation of the distribution of azo- 
7 bisisobutyronitrile between water and the mo- 
less than 0.001 nomer, a solution of this initiator indichloro- 


BP 20 
ABN 20 0.40 0.41 ethane (0.4 g/liter) was shaken with an equal 
vc 50 10 Lt volume of water for 40 hours at 20° until a 
(pressure stable emulsion was formed. The ABN concentra - 
7.5 atm.) tions in dichloroethane and water were determined 


by weight after removal of the solvents by evapora - 
tion under vacuum, It was found that 92% of the ABN was in the dichloroethane and 8% in the water. 
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Polymerization. The polymerization was performed in absence of afr at 50°, Vinyl chloride was added to 
water or to 2% solution of photographic gelatin by the method described. The monomer and the initiator solution 
were connected through the vapor phase in the apparatus shown in Fig. 1. The vessel was totally immersed in a 
thermostat and shaken vigorously in a horizontal direction. The polymerization rate was found from changes in 
the monomer volume in the graduated tube B. Before the start of the experiment the vessel was repeatedly filled 
with oxygen-free nitrogen and evacuated to 1 mm residual pressure in order to remove air. A solution of the initator 
in water or in gelatin solution was then introduced into the vessel A. Dissolved air was removed from the solution 
by freezing and thawing under vacuum. Vinyl chloride was introduced into the tube B, and the apparatus was 
sealed under vacuum. 


The sorption of vinyl chloride by the polymer was 
determined under the same conditions (the polymer instead 
of the aqueous phase was introduced into the vessel A). It 
was found (Fig. 2) that 1 g of polyvinyl chloride absorbs 
0.25 g of monomer (at 50°, under 7.5 atm. vapor pressure 
of vinyl chloride), A similar value is reported for the sorp- 
tion of ethyl chloride by polyvinyl chloride [9]. For the 
polymerization experiments, the water and gelatin solution 
were previously saturated with the initiator, In some ex- 
periments a fabric bag containing solid initiator (0.1 g) 
was placed in the aqueous solution in order to maintain 
a constant concentration of the initiator. When the monomer 

Fig. 1. Polymerization vessel. was added to the aqueous phase without monomer, the ab- 

sorption of monomer in 24 hours did not exceed its solubi- 

lity at the given temperature. The monomer concentration in the polymerization system with the use of ABN (in 
the constant-rate region) was 0.12-0.13 g per 1 g of polymer. 


The polymerization rate in presence of benzoyl peroxide is very low (Curve 1, Fig. 3). In presence of ABN 
polymerization proceeds at a constant rate after a period of acceleration, until a considerable amount of polymer 
has accumulated in suspension, regardless of whether a saturated solution is used or the initiator is present in the 
solid phase. The polymerization rate is somewhat higher in the latter case, probably because saturation of the 
aqueous phase with the initiator was effected at 50°. 


The polymer yield time curves obtained in our experiments are similar to those obtained in polymeriza- 
tion in emulsions stabilized with gelatin. The polymerizationrates (in the linear regions of the curves) when the 
monomer is supplied through the gas phase and when it is present in emulsion, with 1 ; 4 ratio of vinyl chloride 
to emulsifier solution, are similar (Fig. 3). The average molecular weights of the polymers obtained in water and 
in gelatin solution are equal (Fig. 4), and are somewhat greater ((n]* = 1.4) than the molecular weights of emul- 
sion polymers ({[n] = 1.2), probably because of the lower concentration of ABN. 


The polymerization proceeds at equal rates 
in solutions containing 0.4 and 1 g of potassium 
persulfate per liter. In polymerization with BP, the 
polymer is formed in the volume of the liquid and 
on the surface of the bag containing the initiator. 
The particles of polymer formed in presence of 
w A ea 60 min ABN are distributed uniformly through the whole 
liquid phase. In presence of potassium persulfate 
a latex is formed. 


g monomer/g polyme 


Fig. 2. Absorption of vinyl chloride by the 
polymer at 50°. 

Particle size. The particle-size distributions 
of the suspensions were determined by direct microscopic measurements, by a method described in detail earlier 
[10]. A drop of suspension was placed on a slide, and the number of particles of each given size range was counted 
with the aid of a micrometer eyepiece.. 1500-2000 particles were counted in each sample of suspension. Micro- 


*[n] is the intrinsic viscosity measured in cyclohexanone at 25°. The polymer concentration is given in g/ 100 ml. 
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scopic examination showed that all the polymer particles or, more correctly, aggregates, consist of transparent 
particles of irregular shape and differing in size, firmly stuck together. Paticles obtained by polymerization through 
the vapor phase and by emulsion polymerization with gelatin are microscopically similar. The maximum on the 
size distribution curves of particle aggregates obtained by emulsion polymerization is independent of the degree 
of conversion, and lies in the 15-25 # region. All the particles lie in the range of 1 to 100 #. The contents of 
small particles (~5 4) increase somewhat with increase of the degree of conversion (in %). In polymerization 
through the vapor phase, the commonest particle aggregates are somewhat larger (~50 1), 


Io The particle size and shape are not affected 


www wer wm tr em em wm mm em em we ew ee eh eee 


by the manner in which the vinyl chloride is supplied 
for the polymerization — either through the vapor 
phase into an aqueous solution of ABN, or into a so- 
lution of gelatin saturated with the initiator. 


, g/ liter 


From these results certain inferences may be 
_ drawn concerning the topochemistry of polymeriza- 
tion of vinyl chloride in presence of gelatin under 
the influence of azobisisobutyronitrile. 


1. The polymer yield — time curves, and 
the average molecular weights of the polymers 
formed, are the same for polymerization in water 
and in gelatin solutions. This indicates that poly- 
merization does not occur in gelatin aggregates 
o- / (micelles) (in which 5 g of vinyl chloride per 100 g 
200, 400 = 600 B00 tbommin of gelatin dissolves). 


Amount of monomer absorbed 


of solution. 


2. Polymerization begins in a molecular 
aqueous solution containing ABN (0.4 g/ liter) and 
VC (10 g/liter). Polymeric molecules several _ 
monomer units long, and polymeric radicals of the 
same chain length, are precipitated and form aggre- 
gates of polymeric particles in which the polymeri- 
zation proceeds. Since the average chain length 
of the polymer * is about 1000, it is evident that. 
most of the polymer is formed in these particles. 


Fig. 3. Absorption of vinyl chloride when 
supplied through the gas phase: 

1) 2% solution of photographic gelatin saturated 
with BP, with 0.1 g of solid BP; 2) ditto, sa- 
turated with ABN at 20°, with 0.1 g of solid ABN; 
3) water saturated with ADNat 20°, with 0.1 g of 
solid ABN; 4) ditto, without solid initiator; 

5) 2% solution of photographic gelatin, with 
0.1% of potassium persulfate; 6) emulsion 
polymerization; 250 g of monomer (cy), ) per 3. The following reactions may occur in the 
liter of 1% gelatin solution. 0.5% of ABN on polymer particles: 

the weight of monomer, (The graph for this 
experiment gives the amounts of polymer 
formed in g, per 1 liter of aqueous phase of 
the emulsion). . 


a) Initiation of polymerization by ABN mo- 
lecules absorbed by the polymer particles, and also by 
by free radicals from the aqueous solution. 


b) Chain growth by addition of monomer 
molecules to the primary radicals, and also to polymeric radicals entering the particles from the aqueous solution. 


c) Chain termination, This reaction may be effected in two ways: interaction between polymeric and pri-~ 
mary radicals, and combination or disproportionation of pairs of polymeric radicals. Since the mobility of poly- 
meric radicals in the particles is very low, the first route of the termination reaction is the more probable. 


d) Chain transfer through monomer and polymer molecules. In the case of vinyl chloride the rate constants 
of these reactions are very considerable [7, 12]. As the result of chain transfer through polymer molecules, poly- 
meric radicals fixed in the solid polymer are formed; this increases the over-all reaction rate and the average 
molecular weight, in comparison with polymerization in homogeneous systems {7, 12, 13]. 


* The average molecular-chain length (p) was calculated from the intrinsic viscosities (Fig. 4) by means of the 
equations: [7] = 1.16 - 1074 (62.5-py)"*(100 ml/g) or [n] = 2.4 - 10°74 (62.5-p,)”". These equations, which 
give similar values of pp, were found by correlation of the average molecular weights of nonfractionated vinyl 
chloride polymers obtained under various conditions, with intrinsic viscosities of solutions of the polymer in cyclo- 


hexanone [11]. 
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4. From the instant of formation of the polymer particles (indicated by the instant at which the aqueous 
phase becomes turbid) there are two sites of polymerization: in the aqueous solution, and in the poles particles. 


The increase in the absorption rate of the monomer 
at the start of the process is probably caused by an increase 
of the rate of the process in the polymer particles. 


The rate of the process is higher in the polymer parti- 
0 I a? a7 a cles than in water, for two reasons: a) because the average 
C, g/ 100 ml monomer concentration is 13% in the particles and 1% in 
water; the concentration of ABN in water is 0.04%, and 
if all the initiator enters the polymer Capy ~0.3%, b) 
because of the decreased rate of chain termination in the 
polymer particles [3, 4, 14]. 


Fig. 4. Variation of Nsp/ ¢ 

with c,in cyclohexanone at 25°, 
for polymers made by supply of 
monomer through the gas phase 


intos 5. After a certain amount of polymer has accumu-~ 
1) 2% gelatin solution, 2) water, lated, the polymerization rte remains constant, evidently 
both saturated with azobisiso- because the process takes place almost entirely in the po- 
butyronitrile. lymer particles. ; 


The following causes may determine the constancy of the over-all polymerization rate in the particles: 
1) the process may occur in a certain constant volume near the surface of the polymer particles, as postulated by 
some authors [5]. The over-all polymerization rate may depend in different ways on the surface area, depending 
on which of the elementary stages (initiation, growth, or termination of the chains) are influenced by the surface 
[15]; 2) constant amounts of primary and polymeric radicals may be present in the system.* The growth of each 
radical proceeds at a constant rate, as a constant concentration of monomer is maintained in the particles. If two 
or more radicals were present in a particle simultaneously, the rate of chain termination should decrease with 
time owing to an increase of the reaction volume, and the over-all rate should increase in consequence. There- 
fore it may be assumed that in the conditions of our experiments each particle contains one free radical at any 
time. A second radical, entering the particle or forming init as the result of decomposition of the initiator, causes 
chain termination, as is probably the case in the latex polymerization of styrene in presence of potassium persul- 
fate [16]. 


Enough experimental data are not yet available for more definite conjectures concerning the mechanisms 
of the elementary reactions in the polymerization of vinyl chloride in heterogeneous systems. 


6. Since the rates of polymerization (Fig. 3) in presence of ABN in gelatin-stabilized emulsions and in the 
conditions of our experiments are equal, and since the particles in the suspensions are of the same shape and size 
in both cases, it follows that the mechanism and topochemistry of the process are the same in both cases; most 
of the polymer is formed in the polymer particles irrespective of the location of the initiator at the start of the 
reaction. The time required to reach a constant rate is less in emulsion polymerization. The reason is that in an 
emulsion the polymerization begins mainly in monomer droplets, as their monomer and initiator contents are con- 
siderably higher, and less time is required for the formation of the quantity of polymer which is sufficient for the 
process to continue almost entirely in the particles. ; 


7. The considerably higher rates of polymerization of vinyl chloride in heterogeneous systems (in bulk, in 
emulsion, in precipitant media) as compared with polymerization in media in which polymer solutions are formed, 
are the consequence of peculiarities of the reactions in the polymer particles — decreased rate of chain termination 
in the solid, slightly swollen polymer (at temperatures close to the glass transition temperature), and the formation 
by chain-transfer reactions, of long-lived radicals fixed in the polymer particles [17, 18, 19]. 


Latex polymerization of vinyl chloride usually proceeds at higher rates than drop polymerization, and yields 
a product of higher molecular weight. However, there are no reliable data which would make it possible to decide 
whether this is caused only by an increase of the initiation rate (by the use of more active initiators), or also by 
an additional decrease in the rate of chain termination in small particles, as is the case in the formation of latex 
polymers soluble in their own monomers (styrene, methyl methacrylate [14}). 


*In our experiments the process was continued for 5 hours at constant rate. During this time, at 50°, the ABN con- 
centration fell by only 5-6%, ; 
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SUMMARY 


1. The polymerization kinetics of vinyl chloride has been studied under conditions such that the monomer 
passes through the gas phase into water or a solution of gelatin, saturated with initiator (azobisisobutyronitrile), 
The reaction rates, the molecular weights of the polymers, and the size of the polymer particles are almost the 


same in both cases, and are close to the corresponding values found in polymerization in gelatin-stabilized emul- 
sions. 


2. The polymerization of vinyl chloride in the bulk of the monomer and in emulsions proceeds predominantly 
in the polymer, which forms a new phase in the course of the reaction, or at its surface. 


This investigation was carried out at the suggestion of A. S. Shevliakov in connection with problems which 
arise in the development of a method for the continuous polymerization-of vinyl chloride in suspension. The authors 
are indebted to S. S. Medvedev and Kh. S. Bagdasar‘ian for valuable advice given in the course of discussion of 
polymerization kinetics in heterogeneous systems, 


Dzerzhinsk Received April 13, 1957 
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RELAXATION OF DEFORMATION AND REPEATED DEFORMATION OF ALUMINUM 
NAPHTHENATE GELS 


A. A. Trapeznikov 


Relaxation is one of the most important components of the complex of rheological properties of a structur- 
ized colloidal system. Despite the numerous investigations on this subject [1-7], there have been no systematic. 
investigations of the variation of the relaxation rate of a system with the magnitude of the deformation along the 
stress—deformation P(e) curve. Neither have any investigations been carried out with repeated deformations of 
the system, with measurements of elastic recovery at various fixed deformations € along the P(e) curve. 


We showed earlier [8] that one of the most effective methods for studying the properties of structurized systems 
is by means of P(e) curves when € = const. If € is not too small, the P(e) curve has a maximum P = Py, indicating 
breakdown of the structure. It was found that the relaxation rate greatly increases when P = P, and subsequently when 
P= P, [9]. : 

s 


In studies of relaxation phenomena a distinction should be made between relaxation of stress and relaxation 
of deformation. The two kinds of relaxation are, of course, closely related, but in a fairly complex manner; they 
depend in different ways on the range of structural elements in the system with different relaxation times 9; and 
different critical deformations €);. Therefore it is in general necessary to investigate both kinds of relaxation 
jointly.* However, as the transition from elastic to residual deformation is fundamental in the process of irrevers- 
ible relaxation, investigation of relaxation of deformation is often the more direct method. : 


The elastic recovery measured by us in highly elastic gels of the aluminum naphthenate type includes the 
so-called instantaneous and the after-effect deformations, In rapidly relaxing systems, especially at high values 
of e and with large é€, it is almost impossible to separate these two types of deformation, especially because, as 
was shown earlier [5], separation of these types of deformation in such systems is purely arbitrary, and depends on 
the instant of time chosen. 


The term “relaxation rate” is often used without a quantitative definition of this concept. In analyzing 
the behavior of a Maxwell body, we defined [10] this quantity as the rate of increase of the residual deformation 
relative to the acting elastic deformation 


- 4 de 


Pela Sa, 


v 
E, dt 


If the total deformation e = const , the decrease of elastic deformation is equal to the increase of residual deform- 
ation [9], and then 


& _— 
1S) maha 
g, dt 


It was shown that this definition is valid both when ¢ = const and when € = const, and the relaxation time 


* This is possible in principle with the instrument used in this investigation, but for measurements of stress relaxa - 
tion it is necessary to have automatic recording, such as that used in our large instrument [14]. 
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may be defined as the time in which all the existing elastic deformation would disappear if the rate of its conver- 
sion into residual deformation remained constant. 


Usually when relaxation processes are considered the relaxation time of the system is defined only on the 
basis of a Maxwell (or Kelvin) law, i.e., a purely exponential law. However, in most cases these laws are not obeyed 
and then $ or V;e, remain unknown. In some cases the Maxwell law is arbitrarily assumed and 4 is defined as the 
time in which P decreases by a factor of e [4]. However, a defect of such calculation methods is that they ignore 
variations of the time or rate of relaxation during the course of the whole relaxation process. However, great in- 
terest attaches to the magnitude of the relaxation times at any particular instant of the relaxation process, irrespec- 
tive of model concepts. Such values are useful for interpretation of the mechanism of the process, even if they 
are not differentiated with respect to the constituent types of deformation, and are aggregate values. 


The advantage of the above definitions of V,.; and 9 is that they are valid for any stage of the relaxation 
process, irrespective of its exponentiality. A corresponding definition can also be introduced for stress relaxation 
in the condition that € = const 


SSD he 


ONT BP sect ces eee a 
Viet = Pay and 9 dP/dt 


For a process which conforms to an exponential law, the values of V,2; and remain constant throughout 
the process, i.e., at any values of € and P. Therein lies the chracteristic peculiarity of a classic Maxwell (or 
Kelvin) body. 


Relaxation of Deformation 


Our elastorelaxometer [11] is convenient for investigations of relaxation of deformation in highly elastic gels 
which relax relatively rapidly, with the total deformation € = const. In relaxation measurements, the upper magnet, 
which releases the inner cylinder, is switched on by hand, instead of automatically, after the system has been held 
for various times after the outer cylinder has been stopped. Relaxation takes place during this time, and the elastic 
recovery decreases, 


In the relaxation curves in Fig. 1, @g is plotted against r},,)q (the holding time) for different fixed values 
of @ expressed in degrees of rotation of the outer cylinder (Rp = 1.5 cm) relative to the inner cylinder (Ry = 1.896 cm), 
with moment of inertia M = 121.5 g° “cm”, These curves are used for gtaphical determination of de, /d r= —de, /dr 
or de,/dr = deg /dr* respectively for different values of 0, or €¢ along the @¢(Thold) curve, and Veel and 
® are paledted (Table 1). The values of V,.) as a function of 6. for different values of @ are given in Fig. 2 
(on two scales); it follows from these curves that at low values of 6e = 90 { 120°< Ge max = 165°, in particular at 
low @, the values of V,., are almost constant and least; at high @, the values of Vre] are very large. Constancy 
of V.., and 9 in the fegion of small @, is also a consequence of the linearity of the lower portions of the logOe = 
= fc Thold) Curves in Fig. 3. In these ranges of Oe the relaxation process becomes exponential, 6, = 6,,e—/* [9]. 


However, the extents and slopes of the linear regions differ. for different @. It follows from Table 2 that 
initially the values of Qe), corresponding to the beginning of the linear regions, increase with @ (up to @ = 90°), 
but later decrease sharply. The values of 9 decrease continuously, starting even at small values of 9. 


The V,e] (6) relationship is illustrated particularly clearly by the curve in Fig. 4, plotted for the least @¢ = 
= 40°. The 6,(@) curve is plotted in the same diagram. The values of Vrej temain roughly constant up to @ = 6m, 
and then begin to increase. This clearly shows that at @> @,, (and therefore at €>€m) intensive breakdown of 
the structure begins. However, it is only at low values of @ that Vye, begins to increase only when @ =O yp. It 
follows from the curves in Fig. 2 that for @ > 90° Viel begins to increase even when a 90° and less, that is, still 
in the region of @ <@,, = 165°. 


The fact that % is constant, i.e., that the logo, = f(Thoid) curves are linear, indicates that the state of the 


“For the cylinder used in this case, € = 0.262 9°. 
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system remains unchanged in this deformation 
tange. This is possible when the particles 
attain some definite established configuration, 
for example a more or less globular form, cor- 
responding to minimum deformations. The 
higher rate of relaxation at large deformations 
of the globules may be associated with elonga- 
tion of the globules. This elongation, however, 
is not enough to account for the positions of 
the curves in Fig. 2. When the particles con- 
tract in the course of relaxation to some smaller 
degree of deformation, the values of Viel 
should become equal, irrespective of the de- 
gree of the initial deformation. In other 
words, changes of V,¢;,in consequence of elong- 
ation only, presuppose complete reversibility 
of the system. This is not the case in reality. 
For example, V,¢) at fixed @ = 42° for 06 <Oeq 
is 0.0176 sec.~! and at @ = 90° Vre} in the 
Tange Oe Oe, is 0.208 sec.~!, whereas for 

6 = 142° and@ = 160°, with subsequent con- 
traction down to the same small values of 

Oe <Geo, Vre] is 0.0236 and 0.0253 sec. + 
respectively. This “hysteresis of Vre" shows 
that the deformation process is not reversible, 
even in the range of elastic deformations 

Oe< Oe max: The structure of the system 
evidently alters. This change in the structure 
of the system should be attributed to breakdown 
of some of the bonds in the course of large 
deformations. Evidently, when the deformations 
are small, the relatively short, the most rigid, 
slowly -relaxing elements of the structure are 
broken down; when the deformations are large, 
the breakdown occurs in the longer, more flex- 
ible, and rapidly-relaxing structural elements, 
with larger critical deformations ¢€),;, and 
lower 9;, which are restored more rapidly 
after removal of the stress or in conditions of 
steady flow (the experiments on repeated de- 
formation of the gels demonstrate their rapid 
restoration after removal of the stress). 


Thus, as the result of measurements of 
Vre] along the whole P(e) curve it may be 
concluded that the structure breaks down at 
different degrees of deformation. It is seen 
that breakdown occurs when € < Epp), and also, 
and to a greater extent, when € > €;y. Direct 
proof of the latter is provided by the decrease of 
of €g when €> €m [9]. 


It should be noted that whereas at large 
@ the exponential course of the relaxation pro- 
cess (the linear region when O¢ <@bp) is rela- 
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Fig. 1. Oe(Thoig) telaxation curves for different values of 9 in 2% aluminum naphthe- 
nate gel. 
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Fig. 2. Vyeq (0) curves in two different scales. 
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Fig. 3, Log 0, = F(T noid) curves for different values of @. 
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TABLE 2 tively short, and corresponds only to the ends of the 


8e(T hog) curves, at small 6 it forms about half of 


Values of 9 Calculated from the Linear Regions 
the total deformation, 


of the @_ = F(Tho1a) 
The values of @, for different Tj 4, correspond- 


Oeo beginning of 


6° Mugkorenion ing to the ply in Fig. 1, can be used to plot @¢(@) 
curves for different T},9)q (Fig. 5). Such curves cor- 

42 respond, as it were, to different deformation rates and 
90 to different times required to reach a given. It 

142 follows from Fig. 5 that the general form of the curves 
160 remains the same, but the values of @, deviate increas- 
175 ingly from @ with increase of rpojq- This clearly 

230 demonstrates the role of the deformation rate in studies 

370 of the magnitude of elastic deformations in rapidly - 
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relaxing systems, 


Repeated Deformation of Gels,and Their Thixotropic Properties in Relation to the 
Range of Structural Elements 
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Fig. 4. Vie; (@) curve for 
Oe = 40°, and Oe (@) curve. 


Changes in the structure of a colloidal system 160 920 400. 8° 
in the course of deformation, along the P(e) or the 
€ e(€) curve, may be studied by methods involving 
repeated deformation of the system to different va- 
lues of €. There are two variations of the method: 


Fig. 5. @e(@) curves for different Tho, 
plotted from the curves in Fig. 1. 


1. The gel is repeatedly deformed to a certain € at definite relatively short intervals, for example at 7 = 
= 1 minute (or less), known to be insufficient for complete restoration of the structure. Each time the value of P 
corresponding to the given ¢ is measured (if € > € mn and is sufficiently large, only the maximum values of P = P,, 
i.e., the extreme deflections of the light spot on scale, are recorded when P is read off visually). The elastic re- 
covery €¢ is measured at the same time. 


2. The gel is first deformed to a certain small degree of deformation € = €4,and then, after a short time, 
7 = 1 minute, it is again deformed to a greaterdegree € =€,. P and €¢ are measured at each deformation. 


The use of these methods, especially the first, has led to certain new conclusions, and provided direct con- 
firmation that breakdown of the structure occurs along the entire P(e ) curve, along both its ascending and its de- 
scending branches, and predominantly along the latter. 


Fig. 6 shows typical curves for shear stress and elastic recovery as functions of the time haa ere between re- 
peated deformations to fixed €, for 3% and 4% aluminum naphtenate gels in decalin (€ & 100 sec. 4), with aging 
times (raging) of 20 and 30 days respectively (the values of 7 along the abscissa axis are not to scale). 


It follows from the curves in Fig. 6 that P decreases considerably even at the second deformation, and sub- 
sequently, with the same intervals 7 = 1 minute, it either remains roughly constant or continues to decrease, P 
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increases and reaches its initial value with increase of 7. The curves relate both the €<€ and € > € pp regions. 
The difference between them lies in the duration and extent of the decrease of P. In the region €>€ m each re- 
peated deformation (at 1-minute intervals) produces additional breakdown of the structure. This means that in a 
single deformation of the system to a fixed € not all the bonds (not all the structural elements) which can be broken 
down at the given deformation and at the given € are destroyed. This gradual character of the structural breakdown 
can evidently account for many details of the deformation properties of colloidal systems, and in particular for the 
length of the descending region of the P(€) curve in the € > ey region until P’= P, is reached, in the usual P(€ ) 


determination by the method of constant é. 
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Fig. 7. P(€) and €.(€)s 

a) For 3% aluminum naphthenate gel, plotted 
from the minimum (1 and 3) and limiting (2 and 
4) values of the curves in Fig.6. Curves 5) P(e) 
and 6) € ,(€ ) were obtained by means of conse - 
cutive deformations at 1-minute intervals with 
continuously increasing € (the scale of Curve 6 
corresponds to the scales of Curves 3 and 4); b) 
for 4% gel, plotted from the minimum (7 and 8) 
and limiting (9 and 10) values of the curves in 
Fig. 6. 
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Fig. 7, a and b, gives P(e) and € e(€) curves 
plotted from the minimum values of P and €e, cor- 
responding to the greatest influence of repeated de- 
formation (lower curves), and from the maximum (li- 
miting) values corresponding to complete restoration 
of the structure (upper curves). The sections of the 
ordinates between the corresponding curves represent 
the greatest decreases of P and €¢ as the result of re- 
peated action on the system. Fig. 7, a, also shows 
P(e) and €e(€) curves obtained by deformation of 
the gel with consecutively increasing deformations 
at 1-minute intervals. It follows from the curves in 
Figs. 6 and 7 that the highest values of P = P, are 
reached at € = €; = 41.5 for the 3% gel, ann ate = 
= €r= 31.5 for the 4%gel. These values are given 
by both the lower and the upper curves. 


Data on the elastic recovery €¢ in repeated 
deformations, determined in parallel with P, are of 
interest. It follows from Figs. 6 and 7 that at the 
lowest values of € studied the values of €¢ remain 
almost constant during all the consecutive deformations, 
although the values of P decrease. As is increased, 
repeated deformations give lower values of €e, be- 
cause of the breakdown of a certain number of bonds 
which cause elastic deformation. Therefore the break 


down of these bonds, still in the P i i i i 

, < P. regio =E~ i 
Hoe aie oe ania ore gion, results in a residual deformation €y = € —€,. Since a second de- 
cigs cts the changes which took place in the first deformation of the original system, it follows that a 
similar breakdown of structure and development of residual deformation may occur in the usual P(€ ) determinations. 
phere tore deviations of € e(€) curves from linearity may be the results of structural breakdown, apart from relaxa- 
tion. 


An interesting fact is that the region of € close to ¢ , the decrease of €, on repeated deformation (Fig. 6) 
is greatest. The decrease of €, is relatively small with large deformations of the system to € »eé,. The only 
possible explanation is that at high values of € the elastic recorvery is determined by a certain part of the struc- 
tural elements which remains almost unchanged in repeated deformations, or, at least, is restored very rapidly, 
and that this part of the structural elements depends very little on the remaining part, broken down before the given 
€ is reached. The influence of gel concentration on these effects produced in repeated deformation is of interest. 
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Fig. 8. P(T rep) and €e (T rep) curvese 

a) For 2%aluminum naphthenate gel in decalin at different e, T aging = 74 
days; b) for 2% aluminum naphthenate gel in decalin, with 0.25% polyiso- 
butylene, T aging = 70 days, at different e. 


The influence of repeated deformation on P is quite distinct in a 2% gel (Fig. 8, a,T aging = 74 days), and 
in other systems of low concentrations (1.5 and 1.0%). Deformation after 1 minute results in a large decrease of 
P, and if Test is increased, P rises to the original value. On the other hand, the values of €e remain constant at 
all the values of €, both less and greater than €;, in all repeated deformations. Therefore, despite breakdown of 
part of the structure (the values of P being lower), the deformation may remain completely elastic, and €e =e. 
In other words, complete reversibility of the deformation does not exclude partial breakdown of the structure. The 
explanation is that the stress maximum and the deformation maximum are associated with different structural ele- 
ments of the system, in agreement with the concept of the existence of a range of structural elements with diffe- 
rent critical €}; and 9; [10, 12]. When the system is deformed to a given €, the latter proves to be greater than 

€ ki for a certain group of bonds. These bonds are therefore broken down, but bonds with higher €},; remain in- 
‘tact; these are the bonds which ensure complete reversibility of the deformation, such that €e=€. 


The concept of a range of structural elements with critical values of €},;, 9; and €),; was developed in the 
course of consideration of € ,(P;) relationships and n(P) or n(é) curves [13]. Indeed, the present results confirm 
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that a considerable part of the shear stress at each value of € influences the shortest, slowly -relaxing bonds, 
which break down at the earliest stages of deformation, at low é, leaving the more rapidly relaxing longer struc- 
tural elements with smaller 9; and larger €),; and €j4- It follows that the various deformational and viscous pro- 
perties of colloidal systems are associated with the distribution of the structural elements by their values of € ki 


and 9;. 


The probable explantion for the difference between gels with c= 2% and c = 3% is that in the less concentra - 
ted gels* the structure is relatively free, there is little intertwining of the particles, and the elastic recovery is 
greatest. Therefore, the breakdown of a certain part of the structural elements which, at the given deformation 
€, are “short” and have €},; <€, does not affect the longer structural elements which determine totaléee =e. In 
a dilute gel of this type the short and long structural elements act fairly independently of each other. In more 
concentrated gels, with more intertwining in the structure, the breakdown of the short structural elements, mani- 
fested in a decrease of P, also affects the longer structural elements responsible for € ¢, so that €¢ decreases simul - 
taneously. In concentrated gels the distribution of bonds probably lies within a narrower range of €},;, and is dis- 
placed toward smaller values of €},;. Hence it follows that in systems with much intertwining of the particles 
changes of P and €, are closely interrelated, whereas in systems with a free structure these changes may be almost, 
entirely independent of each other, although, of course, in such cases the different structural elements interact, 
and breakdown of some leads to redistribution of stresses and deformations to other structural elements. 


In 2% aluminum naphthenate gels made with additions of 0.25, 0.5, and 1% polyisobutylene (M & 200,000), 
the influence of repeated deformations of P and ¢ is qualitatively the same as in 2%aluminum naphthenate gel 
without these additions, but quantitatively it is much more pronounced. On repeated deformation the values of 
€e remain unchanged, whereas P decreases, and to a much greater extent than for gels consisting of aluminum 
naphthenate only, and the value is restored much more slowly (Fig. 8, b). This shows that the viscosity of the 

_ System increases under the influence of polyisobutylene, which hinders the formation of the “short” part of the 
structure from the aluminum naphthenate particles. On the other hand, this does not prevent rapid restoration (with- 
in 15 seconds) of the rapidly-relaxing, longest structural elements, which determine the maximum € e» although 
the absolute value of the maximum €, is less in these gels than in pure aluminum naphthenate gels. 


These results show that both the maximum (P = P,) and the intermediate (P < P,) shear stresses and the values 
of the elastic deformation €,, = € are not necessarily or directly interrelated. For example, it follows from the 
Curves in Fig. 2, and also the curves in Fig. 9, obtained for a 2%aluminum naphthenate gel by deformation at 1- 
-minute intervals with gradually increasing €, i.e., in conditions in which P does not have enough time for complete - 
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Fig. 9. P(€) and € (€) curves for 2% aluminum naphthenate gel in decalin, 
determined at 1-minute intervals for consecutive fixed values of ¢€: 
1) € (€); 2) P(e); Taging = 62 days; 3) €,(€); 4) P(e); T aging = 152 days. 
restoration, that not only € = €,), but also €¢ = €¢ may are definitely greater than € = €;, corresponding to maxi- 


mum P= Py. It follows that even P = P; for a completely restored structure does not, in principle, necessarily cor- 
respond to maximum elastic deformations and the longest (highly elastic) structural elements. This stress corres- 


*The 2% gel discussed here was studied after relatively long aging. Its behavior after short aging times should 
be closer to that of a 3% gel. 
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ponds to the maximum of a certain function of stress distribution by the number and strength of the structural ele - 
ene: including viscous resistance when the given deformation € = €, is reached. The maximum elastic deforma- 
tlon € = € ¢ max Can be even greater than the deformation corresponding to the maximum shear stress, € = €y, 

and it is then determined by a relatively small number of long flexible structural elements. At the same time, 
even the experimentally determined €¢ p,4x May not reflect the longest structural elements present in the system. 
If they are present in small numbers, they may be incapable of causing motion of the inner cylinder in the opposite 
direction to the resistance arising as the result of broken-down structure in the medium. 


The above results relating to the separate action of “short” and “long,” slowly and rapidly restoring structural 
elements, which influence P, and € 4 max in different ways, are of interest in relation to general questions of rheo- 


logy of colloidal systems, and also in relation to the problem of thixotropic breakdown and buildup of structure; 
they show that thixotropic properties may be characterized in terms of ¢ e as well as of Py. 


SUMMARY 


1. The elastic recovery and relaxation of elastic deformation has been studied in aluminum naphthenate 
gels at various fixed deformations, along the course of the stress deformation curve. 


2. The rate of relaxation of deformation greatly depends on the values of the fixed and elastic deformations, 
owing to changes in the configuration of the particles and also to breakdown of the structure. It is shown that the 
latter process is closely associated with transition through the structural strength maximum. 


3. The system was studied by the method of repeated deformation at various deformations along the stress— 
—deformation curve. It was found that in general the stress and the elastic deformation depend on the time interval 
between consecutive deformations. 


Two deformation regions were found for 3% and 4% gels: a region of small deformations, in which the shear 
stress depends on the time interval but the deformation does not; and a region of large deformations, in which the 
stress and elastic recovery depend on the time interval between consecutive deformations. It was found that in 
gels containing 2% and less of aluminum naphthenate in decalin, and in gels containing polyisobutylene, repeated 
deformation has a strong influence on the shear stress but not on the elastic recovery over the whole deformation 
range. It was found that the maxima on the P(e) and € e(€) curves need not necessarily coincide. 


4. It follows from these results that these systems contain a range of structural elements, characterized by 
different critical deformations and different relaxation times. In dilute gels these structural elements act relatively 
independently, while in more highly concentrated gels breakdown of the short structural elements affects also the 
long structural elements. 


It is shown that breakdown of a certain part of the structure is possible in the range of completely reversible 
deformations. 


. .It is noted that the maximum shear stress P = P, on the P(€) curve represents the maximum of the function 
of particle distribution by bond strength, which need not coincide with the maximum elastic deformation on the 
€ .(€) curve, which corresponds to the maximum of the distribution function of the particles by critical deforma- 
tions. 


In conclusion, the author thanks laboratory assistant L. S. Meshcheriakova for performing the determinations. 
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ELECTROCHEMICAL STUDY OF BENTONITE SUSPENSIONS 


2. THE PROGRESSIVE ACTION OF SODIUM HYDROXIDE ON SUSPENSIONS OF ELECTRODIALY ZED 
ASKANGEL 


IT. A. Uskov and E. T. Uskova 


The question of the origin and nature of acid bentonites has attracted considerable attention recently. Large 
quantities of acid-treated clays are used in the oil-refining industry and as catalysts for clarification of oils in the 
food industry. Acid soils often contain minerals of the montmorillonite group, which have high exchange capacity. 
A knowledge of the properties of montmorillonite is necessary for studies of such soils. Finally, studies of the na- 
ture of acid aluminosilicates are of considerable theoretical interest, since they give a deeper insight into their 
structure. 


Despite the large number of investigations of acid clays and soils, the problem of the nature of their acidity 
has not been finally solved. Acid clays are experimentally studied either by analysis of salt extracts [1-4], or by 
potentiometric [5-9] and, less frequently, conductometric [6, 8] titrations. The advantage of electrochemical 
methods applied without preliminary additions of large amounts of neutral electrolytes is that the suspensions are 
not subjected to the coagulating action of extraneous electrolytes. 


Most of the investigators who performed electrometic titrations of acid soils with bases concluded that the 
process involves neutralization of exchangeable hydrogen, adsorbed on the surface of the clay particles [5-9]. 
However, it is difficult to reconcile this conclusion with the presence of aluminum ions in salt extracts [1, 2] and 
with the similarity between potentiometric titration curves of acid clay suspensions in presence of concentrated 
solutions of neutral electrolytes, and titration curves of aluminum salts [8]. 


In this connection it is useful to compare the curves obtained by Harward and Coleman [8] in potentiometric 
titrations, with sodium hydroxide, or bentonite suspensions after electrodialysis, leached with dilute (0.1 N) and 
concentrated (1.0 N) hydrochloric acid, saturated with aluminum, and passed through a column with a cation-ex- 
change resin in the H form[10]. It was found that the titration curves for Al-substituted bentonite leached with 
0.1 N HCl, and for electrodialyzed bentonite are similar, and are typical of the potentiometric titration of a weak 
acid by a strong base. The bentonite treated with the cation exchanger in the H form, and the bentonite treated 
with 1 N HCl, gave curves typical of strong acids. It was concluded from this that clay treated by the first group 
of methods are Al-substituted, and those treated by the second group are H-substituted. This conclusion was con- 
firmed by thermochemical data: the heats of neutralization of Al-bentonite and of H-bentonite were found to be 
5.4-6.4 and 13.4-13.6 kcal./ equiv. respectively. It must be noted, however, that different bentonite fractions 
were a “clay” fraction, with particles smaller than 2 #, and a "sand" fraction, consisting of water-resistant aggre - 
gates 0.17-0.25 mm in diameter. 


It is to be expected that the potentiometric curves for Al-bentonites should have a second inflection in the 
strongly alkaline region, characteristic of aluminum salts [11, 12] and aluminum hydroxide sols [12, 13]. Mitra 
[7] found a second inflection for kaolinite clay, and attributed it to the presence of OH groups differing in accessi- 
bility in the kaolinite. Titration curves with a single inflection are known for montmorillonite. However, when 
the potentiometric curve of electrodialyzed bentonite was determined on the 7th day after addition of alkali, we 


found that there is an inflection at pH 10.5 [14]. 


In all the papers on potentiometric titrations of acid clays it is usually tacitly assumed that equilibrium is 


457 


established relatively rapidly after addition of alkali. Marshall [15] noted that equilibrium is established slowly, 
but he left the suspension with the alkali for 24 hours only. 


Dietzel and Schmidt [9] found that the reaction of clay with alkali is completed in 20 minutes. 


We found earlier that several days are required for equilibrium to be established after addition of alkali to 
electrodialyzed bentonite [14]. The manner in which the equilibrium is established, and the causes of this effect, 
were not determined. This question is of undoubted interest both for the development of our understanding of the 
neutralization of acid clays by alkalies, and in relation to problems associated with the definition of the term 
"cation-exchange capacity,” and its practical determination. 


The neutralization of electrodialyzed bentonite by a strong base is considered in this paper. The potentio- 
metric and conductometric titration curves were determined at different intervals after the addition of alkali. 


The Russian bentonite, askangel, was used for the investigations. The preparation of the suspension was de- 
scribed earlier [14]. The 7% suspension was electrodialyzed, kept for a year, and then again electrodialyzed at 
a potential gradient of ~40 v/cm in the middle compartment. After the second electrodialysis the supension was 
diluted 10-fold and kept for 4 months more, 25 ml lots of the 0.7% electrodialyzed bentonite suspension were put 
into Pyrex flasks with ground-glass stoppers. Water was added to the suspension in each flask so that after addition 
of the required volume of 0.1 N sodium hydroxide the total volume was always 40 ml. 


For the pH determinations, antimony and saturated calomel electrodes were used, the vessels with the sus- 
pension being continuously rotated at 60rpm. The antimony electrode had a constant area in the determinations. 
For this, an antimony rod cast in a tube 4.9 mm in diameter was inserted in a glass tube of 6 mm internal diameter. 
The tube with the inserted antimony rod was sealed with picein, and the end of the electrode was then ground flat. 
The electrode was ground by means of 000 abrasive paper and rubbed with dry filter paper before each series of 
determinations. The surrounding glass tube and the antimony were ground down simultaneously, so that the ex- 
posed end of the antimony always had the same area. The potential of this electrode became constant fairly ra- 
pidly. It was assumed that equilibrium had been reached when the electromotive force did not change by more 
than a few units in the fourth significant figure after 1 minute. 


However, the system proved to be very unstable in the region of the second inflection on the curve, and de- 
viations up to 1 mv were permitted there. 


The conductivities were measured by means of immersed platinum electrodes; the cell constant was 0.152. 
The measurement circuit included a plug resistance box and two standard resistances of 1000 ohms each; the 
sonic-frequency generator was tuned to 500 cycles; the null instrument was an electronic oscillograph. The error 
did not exceed 1%. 


The successive series of determinations were performed 5 minutes, 24 hours, 8 days, and 14 days after addi- 
tion of the alkali to the electrodialyzed bentonite suspension. The results of the conductometeric and potentiometric 
determinations are given in Figs. 1 and 2. 


The potentiometric curve determined immediately after addition of the alkali is similar to the titration 
curve of a weak monobasic acid by a strong base; ithasone inflection at pH ~8.3, corresponding to 730 micro- 
equiv. of alkali per g. After 24 hours, a second inflection appeared in the high-pH region. After 8 days the first 
inflection was displaced to 810 microequiv./ g, and the second became more distinct. The neutralization point in 
the curve in Fig. 2 corresponds to 855 microequiv./g. A horizontal plateau appeared in the region preceding the 
second inflection, and the inflection itself became extremely distinct. 


The conductometric titration curves consist of three linear regions, and resemble the titration curves of mix- 
tures of two weak acids by strong bases. The points of intersection of these regions and the slopes of the straight 
lines remained almost unchanged with time. The amount of alkali taken inthe titration up to the first break in 
the curve is ~770 microequiv./ g. 


DISCUSSION OF RESULTS 


All the potentiometric titration curves show a rapid increase of pH with small additions of alkali, followed 
by a slow increase in the middle region of the curve, and a fairly distinct equivalence point at pH 8.2-8.4. The 
curves also show considerable differences. First, attention should be drawn to the form of the curve obtained im- 
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mediately after addition of alkali; this differs from the others in not having a second inflection at pH 10-10.5, 


The entire curve shifts downward and to the right in the course of time, and the second inflection becomes more 
pronounced. 


500 7000 500 7000 mNa* 


Fig. 1. Variations of pH and conductivity (x ) of electrodialyzed askangel suspension 
with the amount of sodium hydroxide added (m) in microequiv./g; times after addi-' 
tion of alkalis 

a) 5 minutes; b) 24 hours; c) 8 days. 


Not every possible measure to prevent the action of atmospheric carbon dioxide was taken in our experi- 
ments. The only step taken was to boil the distilled water used for dilution of the suspension. The decrease of 
pH, found in all the suspensions, may have been caused by the action of CO,. 


A special experiment was performed to test this. 
Two flasks contained electrodialyzed bentonite suspension 
two which 688 microequiv./ g of NaOH had been added, 
and the other two flasks contained the suspension with the 
addition of 1001 microequiv./ g of NaOH. One of each 
pair of flasks was left for two weeks, while the contents 
of the other two flasks were tested by the procedure used 
in this investigation. On the 14th day the determinations 
were performed on all the suspensions, and after that only 
the contents of the flasks which had previously been closed 
were tested. The results, plotted in Fig. 3, show that at- 
mospheric carbon dioxide did not have any appreciable 
influence on the pH of the suspension to which a consider- 
able amount of alkali had been added. 


Fig. 2, Variation of pH of electro- 


dialyzed askangel suspension with We were previously inclined to attribute the second 
the amount of sodium hydroxide inflection on the potentiometric titration curve to the ex- 
added (m) in microequiv./g; 14 istence of two kinds of ions adsorbed on the particles of 

days after addition of alkali. electrodialyzed bentonite = silicic acid, HSiO, , and alu- 


minum hydroxide residues A((OH)}. The shift of the equi- 
valence point with time is difficult to explain if it is assumed that H ions formed as the result of dissociation of 
silicic acid are present on the surface of the clay particles. There is no reason to believe that neutralization of 
these ions should take such a long time. The observed effect is satisfactorily explained if it is assumed that mainly 
adsorbed aluminum ions are present on the surface of electrodialyzed bentonite particles. . 


In the case of Al-substituted bentonite the equilibrium dispersion medium contains Al ions which, being hy- 
drolyzed to a considerable extent, make the suspension medium acid. Addition of alkali first suppresses the hydro-. 
lysis of A1'+ * with a sharp decrease of acidity, and the medium enters the neutral pH region. At the same time 


* As in original. — Publisher. 
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the Al ions on the surface are replaced by Na ions, with formation of aluminum hydroxide. This evidently assists 
the replacement of multivalent aluminum ions by univalent sodium ions. Neutralization of the exchanged alu- 
minum ions leads to the formation of equivalent amounts of aluminum hydroxide. The aluminum hydroxide formed 
creates steric hindrance to further interaction of the adsorbed A15+ ions with sodium hydroxide, and therefore the 
over-all process is slow in time. 


pH 
10 


0 hours 


Fig. 3. Variations of the pH of dialyzed askangel suspen- 
sions with time; amounts of added alkalis 
1) 688 microequiv./g; 2) 1001 microequiv./ g. 


The second inflection on the potentiometric curve: is associated with dissolution of aluminum hydroxide 
and its conversion into aluminate. This inflection first appears after 24 hours and becomes distinct after two weeks; 
at first it lies in the region of fairly high pH, but sub- 
sequently shifts into the region of lower pH and larger 
amounts of alkali. The dissolution of aluminum hydroxide 
600 is slow right from the start, otherwise the second inflec- 
tion would appear immediately on addition of alkali. 


Me 
500 


o The probable cause is that the aluminum hydroxide 
CNN SE EA ISS SS RS eee soe " " i i 
0 + | REE re conics clogs” the interparticle spaces aiid settee 
hinders access of alkali, so that the conversion of alu- 
Fig. 4. Variations of the amount of so- minum hydroxide into aluminate is retarded. 


dium hydroxide (mg), corresponding to 
the equivalence point of the first inflec- 
tion on the potentiometric titration curves, 
with the time from the addition of the 
alkali. 


This study of the course of neutralization of 
electrodialyzed bentonite by sodium hydroxide therefore 
showed that the process is a complex one. The observed 
effects are satisfactorily explained on the assumption 
that electrodialyzed bentonite is mainly Al-substituted. 


The results of conductometric titrations confirm the conclusions drawn from the potentiometric determinations. 
The conductivity increases appreciably after the first additions of alkali, owing to the higher dissociation of sodium 
bentonite in comparison with electrodialyzed bentonite. The subsequent large increase of conductivity is caused 
by the appearance of sodium aluminate in the solution. The even greater increase after the second break is caused 
by the appearance of free alkali in the system. 


Our experiments showed that neutralization of electrodialyzed bentonite by alkali proceeds slowly. Fig. 4. 
shows the time variation of the amount of sodium hydroxide corresponding to the equivalence point at the first 
inflection of the potentiometric titration curve. It is seen that further considerable amounts of alkali are absorbed 
during the first 24 hours; this absorption gradually decreases, but does not cease even on the 15th day. The limit 
of sodium hydroxide absorption is indicated on the curve in Fig. 4, but unfortunately it was not reached. Never- 
theless, the course of the curve shows that the binding of alkali by electrodialyzed bentonite is not limitless; this 
agrees with the view that aluminosilicates have definite sorption capacities. The interaction of bentonite with 
sodium hydroxide ceases when the aluminum ions have been completely replaced by sodium ions. Only then can 
quantitative conclusions be drawn concerning the ion-exchange capacity of bentonite. Determinations of the sorp- 
tion capcity of bentonite by means of potentiometric titration may be used provided equilibrium is reached in the 
system; this requires a very long time if the experiment is performed at room temperature. 
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SUMMARY 


1. The course of the interaction of electrodialyzed bentonite with sodium hydroxide was studied by means 
of potentiometric and conductometric titration. 


2. Potentiometric determinations showed that immediately after the addition of alkali electrodialyzed bento- 
nite gives a titration curve similar to the titration curve of a weak acid by a strong base, the equivalence point 
being at pH 8.3. 


3. It was found that in the course of time a second inflection appears at pH 10.4, due to formation of alu- 
minate, on the potentiometric tritration curve (recorded 24 hours later). 


4, The potentiometric curves become displaced in the course of time in the direction of larger amounts of 
absorbed alkali. This is attributed to the presence of exchangeable aluminum ions in electrodialyzed bentonite; 
these ions react with alkali to yield aluminum hydroxide. The latter causes steric hindrance and thereby retards 
the interaction of bentonite with alkali. 


5. The second inflection on the potentiometric titration curve becomes more distinct in the course of time. 
It is also displaced in the direction of larger amounts of absorbed alkali and lower pH values. The retardation of 
this process is also the consequence of steric hindrance caused by the presence of aluminum hydroxide in the spaces 
between the particles. 


6. The results of conductometric titrations confirm the conclusions drawn from the potentiometric curves 
concerning the presence of exchangeable aluminum ions in electrodialyzed bentonite. 


The T. G. Shevchenko State University, Kiev Received April 7, 1957. 
The Ukrainian Academy of Agricultural Sciences 
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DISPERSION OF A STREAM OF SUPERHEATED LIQUID 


V.A. Fedoseev 


The dispersion of liquids into drops by means of atomizers (spray jets, pulverizers, etc.) is accompanied by 
two processes, the combined effects of which in practice set definite limits to the application of the. method of 
mechanical dispersion. When a liquid is dispersed in aspray, the dispersion of jets and films into drops is accom- 
panied by a process of the opposite character + mutual coalescence of the drops. After a certain definite degree 
of dispersion has been reached, further expenditure of energy for dispersion is not justified, as coalescence leads » 
to growth of the droplets. The influence of coalescence in the spray may be diminished by two methods: either 
by a decrease of the number of droplets per unit volume, or by the establishment of conditions in the spray such 
that the droplets are mutually repelled. The first method is mainly suitable for use in dispersion of gas streams, 
and the second may be used, for example, if the stream is electrified, and the strong like charges cause mutual 
repulsion of the droplets. 


Deriagin and Prokhoroy [1] discovered a remarkable relationship between moisture deficiency and observed 
noncoalescence of droplets even after prolonged contact; it follows from this that the greater the evaporation of 
the droplets, the more is their coalescence hindered. The present author [2] measured the repulsion force between 
two evaporating drops suspended from the arms of a torsion balance. It was found that this force increases with 
increasing temperature of the evaporating drops; this is entirely in accordance with increased evaporation of higher 
temperatures. 


Therefore if conditions are created in the spray such 
that the droplets evaporate fairly rapidly, a higher degree 
of dispersion of the liquid may be attained. It is found in 
practice that such conditions exist in the spray if a super- 
heated liquid is dispersed. If a liquid’is heated to above 
its boiling point under normal pressure (760 mm Hg) and 
released into a space at atmospheric pressure, this liquid 

Fig. 1. Principle of device for disper- is in a superheated condition and disintegrates into fine 

sion of a superheated liquid. droplets without any external influence. This kind of dis- 

persion is relatively simple to bring about. The liquid is 

heated in a boiler (Fig. 1) to above its boiling point at atmospheric pressure, as shown by the equilibrium vapor 
pressure of the liquid, recorded by the manometer. The pressure gives an indication of the temperature of the 
liquid. If this liquid is released into a space where the pressure is atmospheric, a stream of superheated liquid is 
obtained; vapor bubbles extending the liquid into thin films are formed in the stream, and bursting of these bubbles 
leads to the formation of numerous small droplets. The process of dispersion in the stream of superheated liquid 
is accompanied by vigorous evaporation of the droplets owing to the excess heat provided by the superheating. 
This evaporation leads to strong mutual repulsion of the droplets, and yields fine droplets without the use of any 
special devices. Thus, in this method for the dispersion of a liquid the heated liquid but not its vapor is released 
from a boiler; it is a peculiar thermomechanical method for dispersing a liquid, but not a method for the forma~ 


tion of a disperse system by condensation of vapor. 
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The processes which take place in a stream of superheated liquid disintegrating into droplets differ consider- 
ably from the processes accompanying the disintegration of an unheated liquid. Whereas a stream of unheated 
liquid, released from the vessel at the same pressure as the heated liquid, has an extended undispersed portion, a 
stream of superheated liquid begins to break up immediately after leaving the nozzle. This distinction applies 
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even if the surface tension of the unheated liquid is decreased, by addition of alcohol, to the surface tension of 
the heated liquid. 


Fig. 2 shows photographs of a stream of unheated liquid with added alcohol (a), and a stream of heated li- 
quid (b), undergoing dispersion as the result of superheating. 


Fig. 2. Liquid stream emerging from a nozzle; 
a) unheated water with added alcohol, at 3 atm.; b) water heated to 
a temperature at which the equilibrium vapor pressure is 3 atm. 


The size of the drops formed in the dispersion of a stream of superheated liquid depends very little on the 
shape of the outlet nozzle. Under constant conditions, the dispersity of the aerosol formed depends only on the 
cross-sectional area of the nozzle. Different nozzles of equal cross-sectional area but differing in shape (round, 
triangular, and rectangular nozzles), and nozzles with a screw configuration for rotation of the emerging liquid, 
all give aerosols of the same degree of dispersion when the liquids are under the same pressure, i.e., at equal super- 
heating. This shows that the processes which occur in the stream as the result of superheating of the liquid occur 
at a greater intensity than the processes determined by the hydrodynamic conditions in the emerging liquid. For 
a given cross-sectional area of the nozzle, the degree of dispersion of the aerosol formed depends only on the degree 
of superheating of the liquid. The higher the temperature of the liquid in the boiler, the greater will be its degree 
of superheating when it leaves the boiler, and the finer will be the aerosol formed. 
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Fig. 3. Variation of the size of Fig. 4. Variation of the size of droplets 
droplets formed during dispersion formed during dispersion with the dia- 
with the equilibrium vapor pressure meter of the nozzle through which the 
of the superheated liquid. superheated liquid is released. 


As the temperature of the liquid in the boiler is related to its equilibrium vapor pressure ,the degree of dis- 
persion of the aerosol formed is a function of the vapor pressure in the boiler. As it is much easier in practice 
to measure the pressure than the temperature in the boiler, the relationship in Fig. 3 is preferable for practical 
purposes. Fig. 3 shows that the droplet size decreases with increase of pressure. 
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Experiments showed that the relationshi 


p between droplet size and vapor pressure in the boiler is hyperbolic; 
i.e., for a given nozzle 


Pr = const, 
where P is the vapor pressure in the boiler; r is the average droplet radius. 


Since the form of the nozzle has little effect on the degree of dispersion of the aerosol formed, for practical 
purposes it is possible to use a simple round nozzle in the form of a piece of pipe attached to the outlet valve. It 
was found that for a round nozzle a linear relationship exists at constant pressure between nozzle diameter and 
droplet size (see Fig. 4); here Dg is the diameter of the droplets formed, and Dp is the diameter of the nozzle. 


As already stated, the dispersion of a stream of superheated liquid begins immediately as the liquid emerges 
from the nozzle. However, this process is not instantaneous; it continues as the liquid travels away from the nozzle 
and terminates at some distance from it, according to the power of the stream. Fig. 5 shows size distribution curves 
of droplets in a stream of spray formed from a superheated liquid leaving a nozzle 1.2 mm in diameter at 3 atm, 


Curve 1 shows the dispersity of the aerosol in immediate proximity to the outlet nozzle. In this region there 
are droplets of a great variety of sizes, as the dispersion is not complete. Curve 22 represents the size distribution 
of the droplets at a distance of 3 m 70 cm from the origin of the stream. It is seen that the dispersion process is 
almost complete; the number of droplets is at its maximum, and their size is in the range of 17 to 45. Curve 
3 is for half way along the stream; it is seen that the dispersion process is continuing here. 
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Fig. 5. Size distribution curves for droplets in a 

stream of superheated liquid at different distances 

from the exit nozzle. 


The most interesting feature of this dispersion method is that it is possible, in a given time, to disperse a 
quantity of liquid which, if unheated, would require tens or even hundreds of horse power for its dispersion.* In 
some of our experiments 100 liters of liquid was converted into aerosol through a single nozzle in 1+1.5 minutes, 
yielding powerful waves of aqueous aerosol. The pressure in the boiler remained constant until all the liquid had 
passed through the exit valve. It is quite clear that the movement of such powerful aerosol waves would differ 
from that of aerosol waves created by ordinary aerosol machines. As confirmed in practice, these powerful aerosol 
waves can travel considerable distances; waves of aqueous aerosols were sent over more than 500 meters. 


The action of the boiler may be regarded as follows. While the liquid is being heated, it stores heat; this 
heat is thenexpended rapidly for dispersion of the liquid. 


This method is the most economical from the standpoint of power consumption, as all the heat is utilized 
in aerosol formation, while evaporation is beneficial, as it decreases coalescence. 


It is the author's pleasant duty to thank Corresponding Member (AN SSSR), Professors A. S, Predvoditeley 
and B, V. Deriagin, for their interest, valuable advice, and helpful discussions. 


*y. A. Fedoseev, B. A. Manakin, A. I. Polianskii, V. D. Korneichuk, and L. P. Latonina used arosols made by dis- 
persion of superheated liquids for control of agricultural pests; suitable equipment was designed and tested at the 
collective farms of the Odessa province. The purpose of this work was to study the physical principles of disper- 
sion of superheated liquids and to provide a basis for the proposed method of aerosol production. 
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SUMMARY 


1. A liquid heated to above its boiling point under normal conditions (760 mm Hg) and released into a space 
where the pressure is atmospheric disintegrates, as the result of its superheating, into fine droplets without the in- 
fluence of any external forces or special devices (attachments, pulverizers, etc.). 


2. The size of the droplets formed depends only on the degree of superheating of the liquid and the size of 
the exit nozzle. The shape of the nozzle has no appreciable influence on the droplet size. 


3. It is convenient to use a relationship between droplet size and the equilibrium vapor pressure in the 
boiler, This relationship is hyperbolic in character, i.e., Pr is constant for a given nozzle. 

4. For simple round nozzles a linear relationship exists between nozzle diameter and the diameter of the 
droplet formed. 

5, The dispersion of a superheated liquid is completed only at a considerable distance from the nozzle. The 


distance at which the process terminates depends on the power of the stream, and may be several meters. 


6. With this method of dispersion it is possible to disperse, in unit time, amounts of liquid the dispersion of 
which by the usual methods requires hundreds of horse power. When the liquid is heated, it stores heat, which is 
then expended rapidly for dispersion. 


The I. I. Mechnikov State University Received July 24, 1956 
Odessa 
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THE STABILIZATION OF CARBON-BLACK SUSPENSIONS IN VASELINE 
OIL-DRYING OIL MIXTURES 


B. N. Shakhkel'dian 


The oil dispersion media used in the production of printing inks consist of film-forming vehicles of the poly - 
merized drying oil type, and solutions of resins or bitumens in mineral oils. Mixtures of drying oils and nondrying 
mineral oils are also used. Finally, the printing properties of inks are sometimes modified by the addition of mi- 
neral oil to the finished inks made with drying oil. 


It is clear that differences in the physicochemical nature of the dispersion medium should result in different 
physicomechanical properties and printing behavior of the inks, owing to differences in the adsorption of surface- 
-active substances, which protect the pigment from agglomeration and structurization, on the pigment surface. 
The stabilizing effects of different vehicles in relation to a given pigment may be evaluated in terms of relative 
viscosity n+] = n/ no, i.e., the ratio of the viscosity of the ink to the viscosity of the dispersion medium, at a de- 
finite constant concentration of the pigment in all the systems [1]. It has been shown that the stabilizing effect 
is much greater with drying oils obtained by polymerization of linseed oil than with raw linseed oil; i.e, the 
effect increases with increased contents of polymer in the oil. 


The object of the present investigation was a study of the influence of mixtures of drying oil and mineral 
oil in the stabilizing power of vehicles. 


Solutions were prepared containing from 0 to 100% of polymerized drying oil (139 = 10.4 poises, dg = 0.930) 
in vaseline oil (13) = 0.767 poises, dg) = 0.871, surface tension at the water interface 50.9 ergs/ cm’), The pigment 
used was gas black, repeatedly extracted with hot benzene in order to remove polar substances which might in- 
fluence adsorption of the surface-active components in the vehicle, Each of the solutions was blended into an ink 
containing 11.9% carbon black by volume, corresponding to 20 wt.% for an ink made with pure drying oil. The 
prepared inks were kept for a week before the tests so that wetting of the pigment particles, which continues after 
the mixing, could be completed and the inks acquired stable properties which did not change with time [2]. 


The viscosities were determined by means of a rotational viscosimeter, the outer cylinder of which was 
rotated by means of a motor, and the inner cylinder was suspended from a torsion arm. With cylinders 1.1 and 
1.05 cm radius, a stress heterogeneity of the order of 8-9% arises in the annular gap. Therefore, to increase the 
accuracy in calculations of the flow curves, it was decided to determine the variations of the true velocity gradient 
with the stress at the wall on the inner cylinder, by the method described by Krieger, Elro, and Maron [3-5], who 
derived the following formula for calculation of the velocity gradient é: 


Y dlogd dlogb- 2 1 
5 =0|14 Ky alepp + Ka (ghee) |» 


st sot 
where n= S(t 3 In S and K, = —¢52a— Ins 


are constants which depend on the viscosimeter parameters (the ratio of the cylinder radii S = r,/r,); P is the 


stress at the wall of the inner cylinder; @ is the fluidity calculated from the original experimental data: the 


Anre 12 Lw 
angular velocity wand the torque M, by the usual formula @ = ser Pe , valid for calculations of viscosity 
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and fluidity of true viscous liquids. The expression in the square brackets of Equation (1) is a correction introduced 
into the value of the fluidity or calculated velocity gradient for structurized liquids. For determination of this 
correction, @ is first found, P is calculated from the formula P = M/ 2m r*L, and log @ is plotted against log P. 
The derivative d log @/d log P is then found by graphical differentiation for each point corresponding to the ex- 
perimental stresses. For true viscous liquids, in which the fluidity and viscosity are independent of the stress, 
d log @/d log P = 0, and the correction factor is unity. For structurized liquids the derivative is not zero, but 
increases with increasing deviation from the Newtonian law of flow. The constants of our viscosimeter were Ky = 
= 0.0485 and K, = 0.00074, As K, is small, the term containing the second power of the derivative may be ignored 
when the latter is itself small: d log o/d log P« 1. In practice, this term was only taken into account in our 
calculations at low velocities and stresses. The correction factor was then as much as 1.5-2.0, which introduced 
a substantial correction into the calculated value of the velocity gradient. At higher deformation rates, when a 
considerable proportion of the structure was broken down, the term K,(d log & /d log p)* became negligibly small, 

- and the correction factor as a whole decreased, reaching unity in the region of flow with completely broken-down 
structure, Thus the calculation method introduces considerable corrections into the values of the velocity gradient, 
and therefore into the € = f(P) relationship in its nonlinear region. 


The rheological curve for one of the paints studied 
é,sec™! is given, as an example, in Fig. 1; this shows the velocity 
gradients calculated by the method described above, with 
corrections for deviations from Newtonian behavior, and 
the velocity gradients calculated on the assumption that 
the inks are Newtonian fluids, by means of the formula 
é = otw/ 1. 


It follows from Fig. 1 that the maximum possible 
structural breakdown is reached in the ink; this is shown 
by the existence of a linear region at high velocities and 
stresses. When extrapolated, this region passes exactly 
through the coordinate origin, showing that the viscosity 
is independent of the velocity and of the applied stress, 
i.e., that the fluid conforms to Newton's law. The sub- 
stantial differences between the results given by the two 
methods, found in the region of anomalous viscosity, gradually 
disappear in the transition into the region of minimum con- 
stant viscosity. This rheological curve, which is typical of 
all the systems studied, is based on data obtained on the downward curve after the maximum structural breakdown 
had been reached, and therefore constitutes an independent rheological characteristic, not complicated by thixo- 
tropy, reproducible on increase or decrease of the deformation rate. Because of the great viscosity differences 
between the solutions used as dispersion media, it was not possible to draw conclusions concerning structure form- 
ation in relation to the composition of the dispersion medium merely from the € = f(P) orn eff = f{(é) rheological 
curves, However, such conclusions can be drawn if the test results arerepresented in the form of the influence of 
the deformation rate on the relative increase of consistency (viscosity) produced by the addition of equal amounts 
of carbon black to media of different composition. 


3 5 7 J, 
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Fig. 1. Rheological curve for a 
carbon-black suspension in vaseline 
oil, 


These relationships are plotted in Fig. 2; it is seen that the relative viscosity, corresponding to maximum 
structural breakdown, is highest in the system based on pure vaseline oil, and decreases with progressive additions 
of polymerized drying oil. Therefore, although increase of the velocity gradient breaks down the structural net- 
work in the nonpolar oil medium to such an extent that Newtonian flow takes place as the result of bond disruption 
between individual kinetic particles, and of deformation and orientation of the latter in flow, these particles 
themselves consist of aggregates the shape and size of which may vary according to the composition of the dis- 
persion medium. It is evident that in systems containing polymerized drying oil the adsorption of its polymeric 
fractions on the pigment surface stabilizes the pigment, prevents aggregation, and thereby lowers the consistency. 
The relative viscosity corresponding to maximum structural breakdown decreases with increasing concentration 
of drying oil in the dispersion medium, tending to a limiting constant value 7 eft /No = 12-13 with 30% of dry- 
ing oil and over in the dispersion medium. This shows that the adsorption reaches its limiting value at this con- 
centration of drying oil, and in systems with high contents of drying oil complete structural breakdown occurs at 
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_ high deformation rates, when the shape and size of the structural aggregates become independent both of the ve- 
locity gradient and of the composition of the dispersion medium. 
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Fig. 2. Effects of deformation rate and composition of the dispersion medium on 

the relative viscosity of suspensions. 

Composition of dispersion medium: 1) 100% vaseline oil (19 = 0.755 poise); 

2) with 10% drying oil (no= 0.985 poise); 3) with 20% drying oil (no= 1.32 poises); 

4) with 30% drying oil (m9 = 1.59 poises); 5) with 40 % drying oil (m)= 2.18 poises); 

6) with 80% drying oil (no = 5.12 poises); 7) 100% drying oil (m9 = 10.4 poises). 
SUMMARY 


1. Suspensions of carbon black in mixtures of vaseline oil and polymerized drying oil have structural viscosity; 
at high shear rates they undergo maximum structural breakdown and flow like Newtonian liquids. 


2. The consistency increase (relative viscosity) corresponding to maximum structural breakdown is greatest 
in suspensions made with pure vaseline oil, and decreases with increasing contents of drying oil; this is indicative 
of the stabilizing effect of the drying oil. With 30% and more of drying oil in the dispersion medium, the relative 
viscosities of all systems with equal concentrations of carbon black tend to a constant value with increase of shear 
rate; therefore the limiting degree of adsorption is reached at this concentration of the drying oil. 


The Moscow Polygraphic Institute Received April 8, 1957 
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A TRADITIONAL ERROR IN THE THEORY OF CAPILLARITY 


L. M. Shcherbakov 


The theory of capillarity was largely formulated during the past century [1, 2]. It is based on two laws, 
generally known as Laplace's laws of capillarity. The first of these defines the excess pressure resulting from the 
curvature of the liquid surfaces 


K=Ky+o(q-+ pe): 0) 


where R, and R, are the principal radii of curvature of the liquid surface, anda is the surface tension, Laplace's 
second law defines the equilibrium conditions at the periphery of wetting, i.e., at the common interface of the 
three media in contact. The mathematical theory based on these laws satisfactorily accounted for most known 
experimental facts, However, until recently it involved an erroneous physical interpretation of the term K in 
Equation (1). It must be pointed out that Laplace himself did not consider the physical interpretation of the quan- 
tities used in this theory, and it was only later, in particular after the work of Vander Waals [2] and Bakker [3], 
that K came to be identified with the molecular pressure of the liquid,* while Equation (1) came to be interpreted 
as an equation for the variation of the molecular pressure with curvature of the liquid surface. Several objections 
have been raised in recent years [4, 5] to this interpretation of the Laplace equation. 


1. It is extremely doubtful whether the molecular pressure of a liquid, which is an “internal” property ("an 
internal bond" in the language of analytical mechanics) can influence the mechanical equilibrium of the system. 
Ordinary hydrostatic pressure is more likely to exercise this function. 


2. If K is identified with molecular pressure, the Laplace equation (1) is incorrect. This is confirmed by 
the following considerations. According to Equation (1), the molecular pressure should increase with decrease of 
the drop radius r. However, in the light of the molecular kinetic theory the decrease of the specific surface of 
the drop which accompanies decrease of r should be accompanied by an increase in the number of "surface" mo- 
lecules at the expense of "internal" molecules; this cannot fail to decrease the degree of force discompensation 
-in the molecules of the surface layer, and hence the molecular pressure. Therefore the Laplace equation is at 
variance with the molecular kinetic theory. 


It is not difficult to find direct contradictions between the Laplace equation and experimental facts. It is 
true that owing to lack of methods for determination of molecular pressure a direct experimental test of this 
equation is not possible. However, it may be tested indirectly by comparison of experimental facts with the con- 
sequences of application of the Laplace equation to the question of saturated vapor pressure over a curved liquid 
surface. As an interface develops, the properties of the two contacting phases change. The Laplace equation 
defines the magnitude of the change in one of the properties of the liquid phase — its molecular pressure. As the 
phases are in equilibrium, variations in the properties of the liquid phase must be associated with variations in the 
properties of the gaseous phase. In particular, it follows that the change in the saturated vapor pressure brought 
about by curvature of the interface may be calculated from the corresponding change in the molecular pressure 


of the liquid. 


It is known from thermodynamics that if the phases in a system are under different pressures, the pressure 


* This was the consequence of a certain error in Laplace's reasoning; this is discussed below. 
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changes in the phases are interrelated as follows: 


v'dp’ = v"dp" (2) 


(v is the molar volume). Applying this relationship to the system in question, we can write for the change in the 
saturated vapor pressure: 


dl A eter 
p =—— aP, (3) 


where dP is the change of the (hydrostatic) pressure of the liquid phase. The latter can be calculated from the 
change of molecular pressure, given by the Laplace equation. If we apply the known thermodynamic identity 


as oP (4) 
K=T me eee P 
to the case in which the liquid is bounded by a curved interface, and to a flat interface, we have. after subtraction 


AK =T? 0 (37) 


OF OF" 


Substituting the value of AK from the Laplace equation and integrating with respect to T, we have: 


AP =—(s+8)-(¢-+ 3); 


where 6 is a real positive quantity, determined by the expression: 


Hence we have for the saturated vapor pressure over a curved liquid surface; 


v { 1 
pop C+ eta): (5) 


This expression is a direct consequence of the Laplace equation; apart from that equation, only the strict 
thermodynamic equations (3) and (4) were used in its derivation. Therefore Equation (5) will agree with experi- 
mental data to the same extent as the Laplace equation itself. However, according to Equation (5) (and therefore, 
according to the Laplace equation) the saturated vapor pressure should be less over a convex meniscus and greater 
over a concave meniscus than over a plane liquid surface. This conclusion is in complete contradiction to all 
theoretical conclusions (including the well-known Kelvin equation), and to experimental data; this shows that 
both Equation (5) and the Laplace equation from which it was derived are erroneous. 


Despite the erroneous nature of the Laplace equation itself, individual relationships which formally follow 
from it, such as the Juring law, the equation for pressure in bubbles, etc., are in accord with experience. However, 
these relationships deal only with the second term of Equation (1), the excess pressure o(1/R,+ 1/R,), while the 
term K is eliminated during their derivation. Since liquid equilibrium is determined by the hydrostatic and not 
the molecular pressure, the termo(1/R,+ 1/R,) should be regarded as the excess hydrostatic pressure. In that 
case, however, the Laplace equation would be a formal combination of two entirely unlike terms; molecular 
pressure of the liquid with a plane interface, and change of the hydrostatic pressure caused by curvature of the 
liquid surface, It would be more logical to‘include these terms in two different relationships. 


Thus, we may postulate the existence of two relationships of the Laplace type [4], one of which determines 
the change of molecular pressure with increase of the liquid surface, and the other represents changes of hydro- 
static pressure, and the theory of capillarity must be based on the second relationship, as is the case in the classical 
work of Gibbs. 
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To derive these expressions, we consider the system “liquid (denoted by ') — saturated vapor (denoted by ")" 
with a developed interface. For the virtual change of the latter, we have on geometrical considerations: 


35 = (1/R, + 1/R,) 8Y’ = 2G ay’. 


The free energy of this system iss F = F'+ F™ +08, where the surface tension 6 is regarded as a function of the 


temperature T and of the average radius of curvature R= 1/G. Variation of this expression, for the supplementary 
conditions * 


f-=Te=T" = const, VV" = const,  m’ +m” const 


with the variation of F taken as zero, gives the equilibrium conditions for the systems 


w! (p’, iP) = uw” (p", iar p’ ‘a p” + 20G sh oe . (6) 


We differentiate these conditions with respect to G, taking into account that the derivative of the chemical 
potential wf with respect to the pressure p gives the molar volume y; this gives the differential equation for the: 
hydrostatic pressure in the liquid (denoted henceforth by P): 


Ore 2 v” rae = 0c Davart 9 Oc 
eo ea eet sa7ar |= aG [200 + acon 


Hence, integration with respect toG in the limits G = 0 to G = G gives the following expression for the hydrostatic 
pressure under the curved liquid surface: 


P = Py +206 + ae (7) 


This is the first of the expressions of the Laplace type, giving the relationship between the hydrostatic pressure 
and the extent of the liquid surface. To find the second equation, we substitute the value of P into the thermo- 

d ; ; os abe é do ; 
dynamic Equation (4). We then obtain, taking into account the expression: € = o ~T aT’ which connects the 
specific total surface energy € with the surface tensiona, the following expression for the molecular pressure of 
the liquids 


de 


For a liquid drop this equation becomes: 


In discussing these results, we note that Equation (8) differs from the classic Laplace Equation (1) by the 
sign and the coefficient of the second term, and by the introduction of a third term for the variation of € with r. 
The decrease of molecular pressure with decreasing drop size, which follows from Equation (8), is in harmony 
with elementary considerations of molecular kinetics. The presence of the coefficient ¢ in Equation (8), in place 
of the coefficiento in the Laplace equation, is quite justifiable from the physical standpoint; since the molecu- 
lar pressure is expressed thermodynamically as the derivative of the total energy of the liquid, changes of the mo- 
lecular pressure caused by increase of the surface should be expressed in terms of the derivative of the total (and 
not the free) surface energy. It should also be noted that Equations (7) and (8) are in accord with the Kelvin equation, 
as the latter can be derived from them. 


In conclusion, we consider the point in Laplace's paper [1] which led to the erroneous interpretation of his 
Equation. In the first section of this paper Laplace defines the force with which a liquid sphere attracts an external 


* Corresponding to constant temperature and mechanical isolation of the system. 
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column of liquid normal to its surface, and gives it as* 
K—H/b (9) 


(b is the radius of the sphere). In the modern view, the forces of attraction considered by Laplace are nothing 

but the molecular pressure of the liquid. In particular, K corresponds to the molecular pressure with a plane 
liquid surface. Therefore Laplace's intermediate Equation (9) is analogous to our Equation (8). However, Laplace 
goes further, and in the second section proceeds to calculate the force with which a liquid sphere attracts a liquid 
column contained within it. He obtained the following final expression for this forces 


S=K +:H/b, (10) 
here K and H are constants which, according to Laplace, have the same meaning as previously. It is here that 
Laplace's error lies, 


Indeed, as was pointed out earlier, the force with which the liquid attracts an external liquid column cor- 
responds, in modern terminology, to the molecular pressure of the liquid. The liquid as a whole exerts no influence ** 
on the column directed inward, so that the total force acting on such a column is equal to the external (hydrostatic) 
pressure. Therefore the physical meaning of K in Equation (10) is not the same as in Equation (9). This was not 
taken into account by Laplace, and he therefore obtained the erroneous Equation (10), when he should have obtained 
the Equation: 


P= P,+H/b, 


analogous to Equation (7). 
It should be noted that the constants H in Equations (9) and (10) also have different values. This could not 
have been taken into consideration by Laplace, as he did not take account of the thermal motion of the particles. 
SUMMARY 


1. It is shown that the Laplace equations 
K=K,+<6 (a sect 
Ms Ry Ry )’ 


which determines the dependence of the molecular pressure on the curvature of the liquid surface, is erroneous. 


2. Two equations of the Laplace type are derived: 


Oe 


do 
K = Ky— 26 — sag ° P= Py + 206 + aaa 


(where G is the mean curvature of the surface), which determine the variations of the molecular pressure K and 
the hydrostatic pressure P of the liquid with increase of its surface. 


In conclusion, the author thanks Corresponding Member (AN SSSR) B. V. Deriagin and Professor O. M. Todes 
for valuable discussions. 


The Mechanical Institute, Tula Received April 2, 1957 
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MICROSCOPICAL DETERMINATION OF DROPLET SIZE IN OIL MISTS 


Z. M. luzhnyi 


One of the commonest methods for determination of the dispersity of oil mists is microscopical measurement 
of droplets deposited on glass plates coated with special substances. The substance used must ensure a constant con- 
tact angle of the oil droplets. 


If the contact angle is constant, the droplets are of regular lens shape, and the ratio of the lens diameter 
to the diameter of a free droplet remains constant. 


The commonest substance used for this purpose was basic lead stearate [1], probably because its preparation, 
the technique of applying it to glass, and the values of the spreading coefficients of different oils on it have been 
detailed fairly fully [2]. However, the coatings so formed had a number of disadvantages which hindered micro- 
scopic investigation, especially at high magnifications (the granular structure of zinc stearate interfered with the 
visibility of the finer droplets, the transparency was appreciably reduced by the thickness of the coatings, the 
coatings were irregular, etc.). 


Moreover,zinc stearate is very inconvenient to use for covering curved surfaces (spheres, cylinders, etc.), 
necessary in certain investigations [3]. 


Several types of coatings have been reported in the literature for this purpose; octadecylamine [4], 1% al- 
coholic solution of mannitan monolaurate [5], a liquid organosilicon compound (Dri-Film 9987) [6], etc. 


According to reports [6, 7], the most successful of these materials was the silicone oil, but the literature 
contained no information on the chemical composition of the substance (Dri-Film 9987), the method of its pre- 
paration, contact angles of different oils on the coating, etc. We therefore tested certain silicones and developed 
a technique for the use of one of them, namely dimethyldichlorosilane, (CH ),SiCl,. The standard commercial 
product, technical grade dimethyldichlorosilane (Technical Specification of the Ministry of Chemical Industry 
3317-52) containing ~ 80% (CHg),SiCl, and 20% of other methylsilanes of similar boiling point, was used. The 
technical product was further fractionated through a laboratory column, (CH ),SiCl, containing 55.1% Cl, being 


collected at 69-71°. 


10% solutions of (CH3),SiCl, in benzene or in a light ligroine fraction (petroleum ether) were prepared for 
coating the glass. The glass plates, previously washed and dried (in air) were immersed in a beaker containing 
(CH ),SiCl, solution, removed, and dried (for 5-10 minutes). The glasses were then rubbed dry (with cotton cloth) 
on each side. The films formed consisted of polymerized dimethyldichlorosilane. The mechanism of formation 
of these films is as follows: alkylchlorosilanes undergo hydrolysis and condensation at the hydroxyl groups [8] on 
contact with the surface, which always contains moisture (in varying amounts). In the case of dimethyldichloro- 
silane the hydrolysis proceeds as follows (at ordinary temperatures); 


CH; CHs3 
| | 


HO|HCl| — Si— |CIH|OH Cl — Si —|CIH|OH 


| | 
CHs CHs 


and yields a product of the following composition 


ATT 


CH; CH3 . CHs 


| | | 
— 0O—sSi—0—Si—0— Si—0O— 
| | | 
CHs CHs CHs 


The coatings formed were extremely thin, the transparency of the glass was quite unchanged, and the oe 
glasses were indistinguishable from the untreated in appearance. The films were quite heat-resisting (the coatings 
were unchanged after several treated glass plates had been kept for several hours in a drying oven at ~200°) and 


mechanically strong (they were quite unaffected by vigorous rubbing of the surface). Oil drops on the coated glasses 
were of quite regular lens shape. 


Fig. 1. Apparatus for determination of contact angles. 


For determination of the spreading coefficient, the contact angles of different oils on these coatings were 
measured, The method described in the literature [6] was used, with somewhat different apparatus. The apparatus 
is shown in Fig. 1. The tube of a petrographic microscope, used as an ordinary microscope, was fixed horizontally. 
A graduated circular scale 1, with a pointer 2 attached below, was fixed in a special manner at the end of the 
eyepiece mount (containing an eyepiece grating). The usual stage was replaced by a moving guide (type ST-12, 
commercially available), by means of which the object can be moved very smoothly in two directions perpendicular 
to the microscope axis. The glass surface was fixed horizontally and parallel to the microscope axis. 


TABLE 1 


Contact Angles and Spreading Coefficients of Drops of Certain Oils 


: : 3) » | Spreading 
Oil Lens size, mm S "Sb coefficient 

33 D/d 
Transformer 2,2; 0,85; 0,7; 0,362 | 38,5 1,96 
Diesel fuel 1,44; 0,88; 0,6; 0,333) 32,5 2,05 
Industrial "12" Gs 0,845 0,24 39 LAS 
Industrial "20” 1,72; 0,84; 0,42 40 | 1,94 
Anthracene oil 1,84; 0,84; 0,64 50,9 1,74 
"DEFO™* 2 eleoon 0,62 Ocoy 46 ,0 1,82 


* DEFO is a distillation extract produced in the dephenolization of distillate oils 
in a number of oil refineries. 


The drops were placed on the glass by contact with a needle moistened with the oil. 


478 


As in the investigation cited [6], the eyepiece hairlines were adjusted consecutively parallel to the glass 
surface, parallel to the tangents at the right and left base of the lens-shaped drop, and the corresponding angles 
were read off (to the nearest 0.5°). Almost the same values were obtained for Qp and ay,, so that after the first 
few measurements, which confirmed the equality of Gp and o,, merely the value of 20 was measured. The 
measurements were performed with different oils, with drops of three or four different sizes, 3 measurements be- 
ing made for each drop (a 10* eyepiece and 3*, 9*, and 20* objectives were used), Since the contact angle was 


the same for drops of different sizes (of the same oil), an average value of & from 9-12 measurements was taken 
for each oil, The results of the measurements are given in Table 1. 


The following formula is used for determination of the drop diameter d from the lens diameter D (assumed 
spherical): uf 


i ae V 4 sin? o 
ae 2+ cos? a —3cosa’ 
A graph based on this formula is given in Fig. 2, The results of the contact-angle measurements (see Table 
1 and Fig. 2) were used to determine the spreading coefficient (ratio of lens diameter to drop diameter, D/ d) of 
certain oils on the silicone coating. 
The fractional compositions and certain physical properties of these oils are given in Table 2. 


TABLE 2 


Fractional Composition, Density, and Viscosity of the Oils Tested 


Under 1 mm residual pressure 


"g | Kinematic % by weight distilled off 
Oil tid viscosity Tere aoe eee ta tia ee ee a oe 
& | n (seconds) | od SS 1So0 |Ho |So |H 0 
a £4.) 2 = 1/28 148 [68 |S S| suc 
E Hayes 2s [ESE ES /E8 
Ha | Pe 1a” 1h 8 je 8 le 8 |e 
Solar 0,846] 5 (20°) 88°13,03.| 27,5°)/ 46,6. | 15:3 67.57. Fa. bt 
Transormer 0,88 | 22,5 (20°) 89 —= 415 11338;25 56,6. | 9 — — 
Industrial"12"}0,91 | 12 (50°) 1 al eae aOR Ds a Pe We ee Pa eee 
Industrial "20" | 0,92 20 (50°) 106 — — |23,8-) 48,2 | 23,2 | -4,8-)  — 
Anthracene oil | 4,115] 38,5 (50°) 64 — 22,4 |25,7 | 35,6 | 16,3) — — 
DEFO 0,95 45 (100°) 163 — — — | 45,4 -}°49;,61 80) 1 | sy2 


It follows from Table i and 2 that the spreading 
Da coefficient (D/ d) varies little (roughly between 1.8 and 
2) for oils differing greatly in fractional composition, 
physical properties, and chemical composition (such as 
Diesel fuel, transformer oil, and distillation extract con- 
49 taining up to 85% aromatics); it may be taken as 1.9 for 
most oils with sufficient accuracy for practical purposes, 


Our most recent experiments showed that it is 
possible to use (with the same technique) technical dimethyl- 
dichlorosilane, (CHg),SiCl,, for formation of the silicone 
films; the spreading coefficient of oils on these films does 
not differ appreciably from that on films made from purified 
(CHg),SiCl,. This simplifies the use of this silicone con- 
siderably. 


4 0 50 60 a° 


Fig. 2. Variation of spreading 
coefficient D/d with the contact 
angle a, 
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SUMMARY | 


1. Dimethyldichlorosilane is recommended for use as a coating for glass plates in microscopical determina - 
tions of droplet size in oil mists. The quality of these coatings is considerably higher than that of coatings made 
from basic zinc stearate. These coatings may also be used for studies of aqueous mists, as the films are water- 
-repellent. 

2, A very simple technique for the production of these coatings has been developed, and the contact angles 


of different oils on them have been measured. 


The Moscow Station of the All-Union Received February 28, 1957 
Institute of Plant Protection (VASKhNIL) 
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ANNOUNCEMENT 


By the decision of the Presidium of the Academy of Sciences USSR, the 1957 Lomonosoy Prize of 20,000 
rubles has been awarded to the research group consisting of Doctor of Physico-Mathematical Sciences E. M. 
Lifshits, Corresponding Member (AN SSSR) B. V. Deriagin, and Candidate of Physico-Mathematical Sciences 
I. I. Abrikosova for their combined theoretical (E. M. Lifshits) and experimental (B. V. Deriagin and I. I, Abri- 
kosova) investigations of molecular forces of attraction between solids. 
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PORTRAIT OF P. A. REBINDER 


The Editorial Board of Colloid Journal warmly congratulates Acade~ 
mician Petr Aleksandrovich Rebinder, the eminent research worker 
in the field of the physical chemistry of disperse systems, onhis 60th 
birthday, and wishes him health, happiness, and new successes in his 
work. 


THE WORK OF P. A. REBINDER AND HIS SCHOOL ON SURFACE 
PHENOMENA IN DISPERSE SYSTEMS, AND ON PHYSICO- 
CHEMICAL MECHANICS 


(On the 60th birthday of Academician P, A. Rebinder, and on his completion of 


35 years of scientific activity) 


The scientific and technological community of our country celebrates this year the 60th birthday of the 
eminent Soviet physical chemist, Academician P. A. Rebinder (born October 3, 1898), and his completion of 
35 years uf scientific activity. 


This activity reflects the characteristic features of the Soviet era in the development of physical chemis- 
try — its progressive character, its versatility, and its extensive and living connection with practice. Rebinder's 
fruitful activity has opened new frontiers in science, which have provided the scientific basis of many important 
industrial processes. 


P. A. Rebinder graduated at the Physico- Mathematical Faculty of Moscow University as a physicist in 
1923, and while still a student commenced scientific research on surface phenomena. His first experimental 
paper, entitled “The thermodynamics and physical chemistry of surface phenomena,” dealt with a study of the 
relationship between temperature and the surface tension of aqueous solutions of surface-active substances in 
relation to the associated anomalies due to the influence of adsorption. 


At the same time he showed that the coefficient of the Duclaux-Traube. rule, for the increase of surface 
activity in homologous series with increasing length of the hydrocarbon chain, decreases rapidly and continu- 
ously with increase of temperature. The experimental results of these early studies of P. A. Rebinder are now 
included in reference books and physicochemical tables. In these investigations the method of maximum pres- 
sure of bubble and drop formation was used, with the aid of a convenient and simple apparatus constructed by 
Rebinder, which is now extensively used in research and works laboratories for measurement of surface tension 
at various interfaces (liquid—vapor and liquid-liquid). This apparatus was used by Rebinder and his associates 
(A. B. Taubman, K. F. Zhigach) to establish the relationship between surface tension and the time of formation 
of the absorption layer in solutions of higher homologs and surface-active semicolloids such as soaps, proteins, 
and saponin (the surface tension decreases exponentially to a static value). The development of his research 
in this field enabled Rebinder to determine the connection between surface activity and the molecular nature 
of the phases forming the liquid interface (the rule of equalization of polarities, etc.) and, in particular, to 
show that surface activity, i.e., the ability to form adsorption layers, usually increases sharply in the transition 
from a water—air (vapor) interface to a water-nonpolar liquid (hydrocarbon) interface, and that therefore sub- 
stances which have no surface activity under the conditions of the usual determinations may be strongly adsorbed 
at interphase boundaries in organisms. These results were of great interest in relation to the biological role of 
surface activity in physiologically active substances. The discussion with the distinguished German scientist 
I, Traube which followed the publication of this work ‘resulted in considerable modifications of some of the views 


held by Traube and his school. 
In his research on "Water as a surface-active substance" (1926) Rebinder measured the surface tensions 


of aqueous solutions of highly soluble salts, including the double nitrate of silver and thallium, which has limit- 
ed solubility in water at the melting point (82.5°), over the entire concentration range, and obtained data for 
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estimation of the structure of the adsorption layer of water and the dimensions of its oriented molecules. As 
the result of this work, the tension at different interfaces has become an important characteristic in the evalua- 
tion of various liquid media in a number of branches of science and industry ~ solutions of detergents, oils, and 
petroleum products (lubricants) etc. Included in this group are also researches into surface activity in mixed 
solvents (for example, of isoamyl alcohol in mixtures of water with ethylene glycol), studies of the influence 
of surface tension on the critical solubility temperatures of pairs of liquids, etc. 


This work was developed further by A. B, Taubman in his studies of the structure of adsorption layers in 
aqueous and nonaqueous solutions. 


1928 marked a new stage in Rebinder's work, which then became closely associated with technology and 
industry; numerous pupils and associates became attracted by the topical nature of the interesting and varied 


subjects studied. 


Investigations of surface activity at various liquid interfaces in relation to their molecular nature guided 
Rebinder into the main direction of his scientific activity, successfully developed by himself and his numerous 
pupils and associates for 30 years. This work consisted of elucidation of the role of surface phenomena in the 
origin of properties characteristic of various disperse and colloidal systems, and of the specific processes taking 
place in such systems. Particular attention was devoted to variations in the nature of interfaces as the result 
of formation of oriented adsorption layers of surface-active substances on them. The role of surface effects and 
adsorption layers in the formation of disperse systems both by condensation (with formation of a new disperse 
phase) and by dispersion, in the aggregative stability of disperse systems, and in processes of breakdown (coagula~ 
tion, coalescence) and structure formation in such systems was studied. 


His work on one of the basic problems of colloid chemistry ~ the aggregative stability of lyophobic dis- 
perse systems ~ was founded on the concept of the kinetic nature of this stability, which was measured in terms 
of the reciprocal of the breakdown (phase separation) rate of a definite column of a given system (emulsion or 
foam), i.e. of its *life.* 


Rebinder measured the life of bubbles considered as elements of foams, or of droplets considered as ele- 
ments of emulsions, in contact with each other and with the interface in solutions of surface-active substances 
and thereby determined the mechanism of formation and stabilization of emulsions and foams, and the phase 
inversion in emulsions. He showed jointly with E. K. Venstrem, N. N. Serb-Serbina, and A. M. Smirnova that 
emulsions of both types are formed when a system of two liquid layers is emulsified, but the only one to “sur~ 
vive" is the one which corresponds to the longer life of the droplets in relation to the nature of the stabilizing 
emulsifier layer. Some remarkable experiments were performed for the first time, in which a layer of mercury 
was cut by means of a glass rod under water with addition of a surface-active emulsion stabilizer; such cuts 
can exist for any length of time. These cuts form equilibrium plane~face figures, the analogs of Plateau's 
spatial figures of soap films and bubbles. This makes it possible to demonstrate experimentally the consequences 
of the "two-dimensional" theory of capillarity. At the same time, the life of such cuts in relation to the con- 
centration of the surface-active substance can be used for evaluation of its effectiveness as an emulsion stabili- 
zer. L, Ia, Kremnev's extensive research on emulsion stabilization is related to this work. 


This work on the stability of disperse systems led Rebinder and his associates to develop methods of dis- 
persion analysis. A convenient instrument (elastic microbalance and Figurovskii sedimentometer) has been 
designed in his laboratory for the continuous sedimentometric analysis of suspensions and emulsions, and is 
widely used in scientific laboratories, for students* practical work, and in industry. 


Rebinder's work on foam formation has provided formulations for very stable fire-extinguishing foams 
_ (work by L. M. Rozenfel'd and E. M. Savitskaia) and for cellular heat-insulating materials (foam concretes, 
foam plastics). 


Determinations of the structural and mechanical properties of monolayers on water surfaces, and of ad- 
sorption layers formed on solution surfaces under various conditions, continued by A. A. Trapeznikov, yielded 
important results relating to the structure of such layers and to the relationship between the mechanical proper- 
ties and stabilizing action of adsorption layers. 


The first papers in this series appeared in print before the results obtained in the laboratories of Langmuir 
and Harkins in the U.S.A. 
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As the result of further work in this field, Rebinder postulated the existence of two types of stabilization 
of lyophobic disperse systems; 1) stabilization which may be effected by nonstructurized molecular adsorption 
tayEtS or diffuse ionic double layers or, as in liquid films and foams, as the result of local differences of surface 
tension, preventing attenuation of the film (the Marangoni-Gibbs effect) and 2) stabilization caused by a struc- 
turomechanical barrier localized in the surface adsorption layer of the dispersion medium or throughout its vol- 
ume. This second stabilization factor, which operates in protective colloids, prevents close approach of the 
particles and ensures almost complete stability even in concentrated disperse systems which cannot be stabilized 
by other methods, When the interfacial tension is very low, two-phase colloidal systems are lyophilic, as in 
the case of semicolloids of the soap type, or of critical or solubilized emulsions. Such disperse systems are 
formed spontaneously and are thermodynamically stable, not requiring additional stabilization. That is why 
many suspensions and sols of the intermediate type have fairly high stability even in absence of a structuromech- 
anical barrier (aqueous clay suspensions, hydroxide sols, and suspensions in hydrocarbon media, the stabilization 
of which by surface-active substances has been studied in detail by Rebinder and his associates). Subsequently 
Rebinder has devoted much attention to lyophilic disperse systems, which he regards as true spontaneously-form- 
ing colloids, and which constitute a continuous transition from true solutions to coarsely dispersed two-phase sys- 
tems — stabilized suspensions or emulsions. In this connection he studied the laws of solubilization: — the 
colloidal solution (within the micelles) of liquids insoluble in the dispersion medium itself. In 1936, independent- 
ly of Hartley, Rebinder introduced the concept of the structure of thermodynamically stable spheroidal soap 
micelles with lyophobic nuclei and lyophilic outer shells. This work was extended further (jointly with K. A. 
Pospelova and Z, N. Markina), in relation to the conversion of the spheroidal micelles into flat laminar micelles 
and microcrystals of soap, as the result of coagulation and then crystallization structure formation with increase 
of concentration and decrease of temperature. An interesting effect was discovered in these investigations: 
soap gels became greatly liquefied when used for solubilization of hydrocarbons, the maximum viscosity be- 
coming thousands of times less, evidently as the result of reconversion of laminar into spheroidal micelles. 
Work on solubilization in connection with polymerization in emulsions was continued by A. I. Iurzhenko and 
his associates, and by P. M. Khomikovskii. 


Related to this group of investigations are Rebinder's studies (jointly with N. N. Petrova, A. B. Taubman, 
and others) of the wetting and detergent action of surface-active subtances. In his work on the physicochemical 
principles of detergent action, in association with specialists on the technological production and applications 
of detergents (D. A. Rozhdestvenskii, A. Iu. Rabinovich), Rebinder showed that high detergency is determined 
by an optimum combination of surface activity (adsorptive power) and colloidal properties (tendency to struc- 
ture formation) in the detergent, especially in surface layers. This ensures stable emulsification and solubiliza- 
tion of liquid (oily) dirt, and peptization of solid dirt when washed from the surfaces of fabrics, etc. In studies 
of the stabilization of aqueous suspensions (jointly with N. N. Serb-Serbina) it was shown that soaplike surface- 
active substances at low concentrations, present in true solution and adsorbed as oriented monolayers, make the 
surfaces of the solid particles water-repellent and flocculate suspensions, causing the particles to float by ad- 
hesion to air bubbles. At higher concentrations, corresponding to micelle formation, the adsorption layers ac- 
quire a gel structure and exert a stabilizing action characteristic of soaps, with total suppression of flotation. 


The researches of Rebinder on the wetting of solid surfaces, and the influence of oriented adsorption 
layers and of the molecular nature of the contacting phases on wetting, are of great scientific and practical 
importance. These results, presented by him together with data on the adsorptional lowering of strength at the 
6th Congress of Russian physicists in 1928, represented the first physicochemical investigation of the quantitative 
laws of wetting, based on contact-angle measurements, under various condition. He introduced the concept of 
selective wetting of solid surfaces by pairs of liquids of opposite polarity (water and heptane) in conditions of 
their mutual displacement from the surface. He was thus able to classify solid surfaces as hydrophobic and hydro- 
philic, according to the molecular nature and structure of the solid and the ratio of the heats of wetting. Jointly 
with M. E. Lipets, M. M. Rimskaia, and A, B, Taubman,he studied the influence of oriented adsorption layers 
of surface-active substances on selective wetting and on hysteresis of wetting at the water~air interface under 
different formation conditions of the three-phase perimeter. The mechanism of action of flotation and collect- 
ing agents was elucidated as the result of this work. Together with A. N. Frumkin's well-known work on the 
mechanism of formation of the contact angle, where the wetting interlayer of the aqueous medium is disrupted 
and a thin residual layer of the medium forms a new film phase, Rebinder's work laid the foundation of modern 
physicochemical concepts of the nature of the elementary act in flotation — the adhesion of mineral particles 


to gas bubbles. 
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It was demonstrated in this work that in froth flotation sufficiently sharp hydrophobization of the solid 
surface by the action of the oriented adsorption layer can be induced only by chemisorption, i.e., by chemcel 
fixation of polar groups at the appropriate regions of the solid surface. This fixation of polar groups reinforces 
the orientation of the adsorption layers of hydrocarbon chains perpendicular to the surface. 


These concepts were later applied by A. B, Taubman in studies of the mechanism and principles of the 
dust-collecting action of surface-active substances added to water for prevention of silicosis in mine workers. 


A consequence of Rebinder's work was the general principle of the inversion of wetting of solid surfaces 
when adsorbed layers of oriented molecules of surface-active substances are fortned on them. This effect, which 
is especially pronounced in conditions of selective wetting, was extensively utilized by D. L. Talmud and his 
associates in the so-called "molecular welding" for intensification of adhesive action, and by N. N. Korotke- 
vich, A. F. Mutul, and others for reinforcement of the bonding between bitumen and mineral fillers and gravel 
in road surfaces. Associated with this trend was the work of P. A. Rebinder and his associates (V. B. Margaritov, 
A. P. Pisarenko, et al.) on adsorptional activation of fillers in rubber stocks, on disperse pigment structures in 
oil paints, and on the scientific principles of lithographic printing processes. This work helped to clarify the 
mechanism of interaction between printing ink and the form and paper (L. A. Kozarovitskii et al.) and led to 
the development of new methods for evaluation of the quality of printing inks and paper, considered as disperse 
structures, and to improvements in printing technology. 


Rebinder'’s work has been widely developed in the food industry, and has resulted in the clarification of 
the physicochemical principles of a number of processes in the industry. This was furthered by a special course 
of lectures organized and presented by Rebinder jointly with A. V. Lykov in the Moscow Technological Institute 
of the Food Industry. Among the results obtained, mention should be made of research into processes of con- 
version of chocholate pastes, considered as structurized suspensions, and elucidation of the action of liquefiers -- 
surface~active substances such as lecithin; the production of food emulsions such as margarine (N. A. Petrov) 
and butter (1. N. Vlodavets); studies of gelation processes in the confectionery industry and evaluation of gelat~- 
ing power, by V. S. Griuner and his associates; influence of moisture and water distribution in the grain on flour 
milling (Ila. N. Kuprits and his associates); studies of the elasticoviscous and relaxational properties of flour 
dough (B. A. Nikolaev et al). 


Rebinder's work on the form of bonding between moisture and disperse bodies during drying has acquired 
special importance in relation to the work of A. V. Lykov and his school on the theory of drying. Rebinder stresses 
that the bond between moisture and the material should be characterized by its free energy, and points out that, 
apart from chemical (constitutional) and adsorptional bonding (including chemical hydration) in solutions,it 
is necessary to take into account that the rest of the solvent (osmotically bound water) is held not by molecular 
forces but as the result of entropy, i.e., in consequence of the entropy increase during the uniform distribution of 
the components in the solution. The role of immobilized water, not bound, but held mechanically in .a coagula- 
tional or condensational structure, was demonstrated. 


It was thus established as the result of all these investigations that the fundamental properties of disperse 
systems ~ the stability of various types of emulsions, foams, and suspensions, and the tendency to _ structure 
formation in suspensions ~ like the formation of disperse systems by dispersion and condensation processes are 
determined by the origin, nature, and structure of the adsorption layers at the interface between the dispersion 
medium and the disperse phase. 


30 years ago Rebinder studied the forces required to split calcite crystals along the cleavage planes in 
various liquid media, and discovered adsorptional lowering of strength (hardness). 


This effect is caused by lowering of the surface energy (work of formation) of the new surfaces which 
develop in a deformed solid body at its structural defects under the influence of adsorption from the external 
medium. As these surfaces originate and develop, they become covered with adsorptional layersas the result 
of two-dimensional diffusion. The very general effect of adsorptional strength lowering and easier deformations 
of various types has been extensively studied both here and abroad, in metals (poly- and monocrystalline), graph- 
ite, ionic crystals (mica, gypsum, calcite quartz, etc.), glasses, rocks, and concretes, and has been named the 
Rebinder effect. This work forms the basis of a large new branch of science ~ physicochemical mechanics. 
These adsorption effects are especially large under prolonged loading under conditions of creep or prolonged 
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strength (stability) of the solid, and under periodic loading which weakens its structure at weak points (under 
condition of fatigue strength). The work of P. A, Rebinder and V. I. Likhtman and their co-workers, G. I. 
Logginov, M. S. Aslanova, and others, has demonstrated that the new surfaces which develop in microcervices 
(cracks) in the elastic deformation region disappear again after removal of the load, as if healed by molecu- 
lar cohesion; the adsorptive action of the medium can be completely reversible, and the body gradually re- 
covers its properties after removal of the load, displacing the adsorption layers which had penetrated at the 
weak points in its structure. Solid bodies undergoing deformation may change qualitatively as the result of ad- 
sorption, being converted from the elasticobrittle to the plasticofluid state or vice versa. These adsorption ef- 
fects can be used to facilitate and improve mechanical treatment of metals by pressing and cutting, to accele- 
tate processes of fine grinding (particularly vibratory grinding), and drilling of hard rocks (L. A. Shreiner and 
K. F. Zhigach). The action of surface-active lubricants consists largely of adsorptional softening (plastifica- 
tion) of the surface layer of the metal; this was demonstrated by P. A. Rebinder with V. I. Likhtman and S, Ia. 
Veiler. Active lubricants therefore accelerate running-in of machines by easing the leveling of surface irregu- 
larities. Subsequently, when the running~-in process is complete, local stresses in the surface layers are reduced 
and the same lubricants greatly decrease wear. Strength loss in metals occurs not only as the result of corrosion, 
but sometimes to an even greater extent as the result of reversible adsorptional action of the medium. Thus, 
in addition to corrosion fatigue, there is adsorption fatigue (G. V. Karpenko) and adsorption creep of metals. 


In further development of this work, P. A. Rebinder, jointly with E. K. Venstrem and V. IL. Likhtman, 
discovered and studied the electrocapillary lowering of metal strength, the decrease in the resistance of metals 
to deformation and destruction on polarization of the metal surface in electrolytes. 


In full harmony with the electrocapillary curves for the surface tension of liquid metals, the maximum 
strength is found at the point of zero charge, the significance of which was discovered by the well-known work 
of A. N. Frumkin and his school. Near this maximum (at weaklycharged solid surfaces) the introduction of sur- 
face-active substances into electrolytes results in an additional decrease of strength as the result of adsorption. 
This work of Rebinder was developed further by the well-known German metal physicist Masing and his associ- 
ates in Gottingen. 


In recent papers by P. A. Rebinder, V. I. Likhtman, and their associates,it is shown that the greatest ad- 
sorptional lowering of the strength of single metal crystals is produced, not by typical surface-active substances, 
but by fusible surface-active metals, in the form of melted coatings or admixtures, which greatly decrease the 
surface energy of the solid metal undergoing deformation. Such admixtures are widely used as adsorptive modi- 
fiers in casting. By retarding the growth of crystallization centers, they confer.a much finer structure to alloys 
and so increase their strength at normal temperatures. However, at high operating temperatures these same ad~ 
mixtures of surface-active metals become harmful, and considerably reduce the heat resistance of the alloys; 
this has been shown by a number of metallographers (S. T. Kishkin et al.). 


Adsorption effects can be used for control of the mechanical properties of substances, not only by decreas- 
ing their strength in mechanical treatment, but also by indicating ways of increasing strength. This can be 
achieved by elimination of surface-active media and impurities, which are especially dangerous at high temp- 
eratures and stresses, and cause the development of surface defects. On the other hand, the adsorptive action 
of the medium can be used to intensify surface strengthening of solids by internal dispersion of metal in the sur- 
face layer. Thus, the mechanical properties of solids and treatment processes can be controlled by the simul- 
taneous influence. of physicochemical factors, stress, and temperature. The physicochemical influence of the 
medium often proves decisive here: pressure treatment of metals, especially at high temperatures with the 
use of powerful presses, is impossible without the use of active lubricants, the choice of which is a complex prob- 
lem which is solved as the result of the above-mentioned researches. Fine (colloidal) dispersion of valuable 
components of solid alloys, refractories, dyes, and fillers is impossible in absence of surface-active additives. 


The work of Rebinder and his associates has also indicated the path to a scientific solution of the oppo- 
site problem = the production of solid materials with predetermined mechanical properties and structure by the 
formation of a new solid phase by crystallization from a melt or solution, or by pressing and sintering of pow- 
ders. The principal types of spatial structure in disperse systems ~ coagulational, condensational, and crystal- 
lizational structures — have been defined and the mechanism and kinetics of structure formation has been eluci- 
dated in close relation to the resulting mechanical properties (strength synthesis). 
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P. A. Rebinder and his associates (N. N. Serb-Serbina, K. F. ZHigach, E. E. Segalova, and L. A. Abdura- 
gimova) have studied the formation and characteristic properties of thixotropic coagulation GR in sus- 
pensions and sols (in.relation to the sol =~ _ gel transition) and showed that all these properties (relatively low 
strength, very pronounced plasticity and creep, and reversible restoration of the initial strength after structural 
breakdown) are determined by thin residual interlayers of liquid medium at the points of contact between the 


particles forming the structure. 


L. A. Abduragimova showed that in such solidlike structures the maximum viscosity in the quasi-elastic 
region (at low shear stresses) is 8-9 orders of magnitude greater than the minumum viscosity of the totally de- 


stroyed structure. 


P. A. Rebinder and N. V. Mikhailov succeeded, by the use of delicate methods, in determining complete 
flow curves for the transition from fluidlike to solidlike structures, i.e., in obtaining the complete picture of 
the decrease of effective viscosity from the upper limit to the minimum value, and thereby established a gen- 
eral relationship between the equilibrium degree of breakdown of a thixotropic structure in steady flow and 
the acting shear stress (or velocity gradient). Thismade it possible to introduce the concepts of the maximum 
viscosity of the virtually intact structure and the minimum viscosity of the completely broken-down structure 
as new invariant characteristics of substances such as bitumens, cement-sand mixes, and concretes used in 
builiding and road making, in the place of the indefinite concepts of structural viscosity used in colloid chem- 
istry. The maximum viscosity characterizes the creep or mechanical strength of the material under various 
service conditions, while the minimum viscosity characterizes the transportability, workability, or moldability 
of the structurized mass in concreting processes or in the formation of constructional parts under works condi- 
tions. 


Rebinder*’s concepts of coagulation and condensation structures (formed during consolidation and drying 
of clay soils), and of their rheological characteristics, have been extensively applied in soil science and engineer- 
ing geology (I. M. Gor'kova, N. la. Denisov) in studies of the mechanism of soil subsidence, the behavior of 
quicksands, etc. 


In further development of Rebinder*s work on sturucture formation, K. F. Zhigach and co-workers developed 
a number of optimum formulations for thixotropic colloidal solutions and suspensions to be used in modern 
technological processes of deep drilling under various oil field conditions. These structurized drilling fluids 
can be used for increasing drilling speeds under difficult conditions, prevent accidents, and are widely used in 
the oil industry. 


Rebinder's studies of the mechanical properties of coagulation structures and polymer solutions in rela- 
tion to the spatial networks formed in them provided the basis for a relational system of quantitative charac- 
teristics of the elasticoviscous (relaxational) properties of various structures. This involves studies of the course 
of development of deformation in homogeneous shear under the action of a constant tangential force in a narrow 
gap between two coaxial cylinders or parallel plates. Rebinder used simple relaxational models to derive theo- 
retically the law of elastic relaxation of shear stress, which was confirmed experimentally for coagulational 
structures such as aqueous suspensions of bentonite clays, and aluminum oxide and vanadium pentoxide hydro- 
gels (in relations to the discovery that they exhibited elasticity - clearly defined retarded resilience). A sim- 
ple relationship was derived for the kinetics of development of elastic shear deformation and elastic relaxation 
in polymers and solutions, with the use of a single constant characterizing the maximum viscosity (L. V. Ivanova- 
Chumakova). 


Rebinder's work has assisted in the development of the scientific principles of conversions of polymers 
into materials and articles of predetermined structure and mechanical properties (by the production of disperse 
structures in rubbers and plastics by the introduction of active fillers, under the simultaneous influence of plasti- 
cizers and surface~active additives). 


Rebinder studied (in 1934) the modification of crystallization at the initial stages of formation of solid- 
phase nuclei from undercooled melts or supersaturated solutions. He noted that the development of the new 
phase must pass through a colloidal stage, and it is at this initial stage that the further development of the 
new phase can be regulated by means of physicochemical factors= degree of undercooling of supersaturation, 
the action of added adsorbable substances (modifiers of the 1st kind) or of dispersed additives consisting of 
suspended particles which have favorable conditions for the formation of crystallization nuclei on their surfaces 
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(modifiers of the 2nd kind). Surface~active additions (modifiers of the 1st kind) usually produce a very fine 
structure in polycrystalline metals and alloys, by suppressing the growth of crystallization centers as they arise; 
as the result of adsorption on their surfaces, these modifiers favor the formation of a large number of micro- 
crystals in unit volume in a given time. If their growth is suppresed completely, a colloidal system may be 
formed. If a modifier of this type is also a stabilizer, such as a protective colloid in aqueous solution, the col- 
loidal system which results is quite stable to coagulation. By being absorbed to different degrees on different 
faces of the forming crystallization centers, modifiers of the 1st kind can not only make the polycrystalline 
structure finer, but are capable of greatly changing the crystal form, usually making them more anisometric, 
but with an unchanged crystal lattice. The greatest superficial growth is found in those crystal faces the sur- 
face tension of which is decreased owing to selective adsorption, and whose linear growth rate is the most re- 
tarded. These changes of crystal form also alter the conditions for their concretion and at the same time, in 
view of the much finer structure formed, can greatly improve the mechanical properties; for example, by in- 
creasing the strength of alloys, or of hardened cement,during crystallization of new compounds in the course 
of hydration hardening, etc.,T. P. Zhuze used Rebinder's theories in his studies of surface-active substances 
used as depressants which lower the pour point of petroleum products such as lubricating oils at low tempera- 
tures, by their influence on the crystallization of paraffins. This work was continued by P. I. Sanin. 


The researches of P, A. Rebinder with E. E. Segalova, O. I. Luktianova, and others, on crystallizational 
structure formation in the hydration~hardening of mineral cementing materials (aluminate silicate cements, 
plaster of Paris, lime) have acquired special significance. This work has given rise to a general physicochemical 
theory of hardening, with the action of surface-active additives and electrolytes taken into consideration, which 
can be used for control of the formation and growth of crystallizational structures in the production of very 
strong and durable building materials and structural parts with predetermined properties, and with the mini- 
mum consumption of cement. 


The work of P, A. Rebinder and his associates on structure formation has provided the basis of a new con- 
crete technology, developed by N. V. Mikhailov and co-workers, in which mechanical vibrations and physico- 
chemical factors are utilized in the production of concrete and ferroconcrete articles. 


As the result of Rebinder's activities, a number of new important problems in colloid chemistry have 
been raised and studied; this has led to the reorganization of several of its main divisions in the light of the 
physical chemistry of surface phenomena. The work of Rebinder and his associates on structure formation in 
disperse systems, and physicochemical studies of the deformation, predestruction, and dispersion of solids, led 
to the growth of a new boundary region of science ~ physicochemical mechanics. The development of this re- 
gion has enriched the physical chemistry of disperse systems by correlating it with molecular physics, the physics 
of solids, the mechanics of materials, soil science, problems of engineering geology and building, the technol- 
ogy of constructional materials, and a number of other branches of technology of primary importance in the 
national economy. It is in this direction, inall of P, A. Rebinder*s work, that the special characteristics of his 
activity as a Soviety scientist were revealed, manifested in a close, organic bond between scientific theory 
andthe most important problems and demands of modern technology. Rebinder’s original approach to new im- 
portant scientific problems stems from a generalization of the demands of technology and of its development 
under the conditions of our socialist economy. Work on such scientific problems has united many formerly 
unrelated branches of technology on a common scientific basis. For example, research into the wetting of sol- 
id surfaces and of the influence of adsorption layers on wetting has provided a common theory for flotation 
processes, printing, activation of fillers in materials based on polymers, and of pigments in varnish and paint 
systems. Theories of coagulational and condensational~crystallizational structure formation now form the 
basis of production of new constructional materials such as concrete, ceramics, and sintered metals, and the 
conversion of polymers containing active fillers into various articles. The development of the scientific prin- 
ciples of technological processes has made it possible to determine their optimum conditions and to introduce 
new and rational technological methods. 


P, A. Rebinder and his associates work in close cooperation with the industrial institutes and directly 
with industry. The extensive consultant work of Rebinder and the leading representatives of his school in in- 
dustry has acquired greatimportance in this respect. This has forged close scientific bonds with numerous cen- 


ters of our land. 
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A characteristic feature of Rebinder's work is the breadth and diversity of its applications in the most 
varied branches of science and technology. At the same time, all the branches of the scientific and practical 
activity of Rebinder and his school are united by a common idea — the control of properties of disperse systems 
by action on interfacial layers — for radical improvement of various processes. The significance of these re- 
searches is also seen in the fact that they have demonstrated more clearly thanever before the importance of 
surface phenomena in the most diverse branches of natural science aud modern technology. 


All the activities of P. A. Rebinder = the originator of a number of trends in the physical chemistry of 
surface phenomena and disperse systems — is characterized by a desire to place science at the service of in- 
dustry, to provide a scientific basis for new technological processes, and thereby to enrich science by the solu- 
tion of urgent problems raised by the demands of industry. 


The work of P. A. Rebinder in his new fields has also been widely recognized abroad. 


In 1929 he was confirmed in the title of professor; in 1933 he was elected Corresponding Member, and 
in 1946, a full Member of the Academy of Sciences USSR. In 1934 he was awarded the degree of Doctor of 
Physicomathemical Sciences, and in 1935, Doctor of Chemical Sciences, for his research on surface pheno- 
mena in relation to the dispersion of solids. 


In 1934-1935 he organized the Division of Disperse Systems, of which he is the head, first in the Insti- 
tute of Physics of the Academy of Sciences USSR, and subsequently in the Colloidal and Electrochemical Insti- 
tute, now the Institute of Physical Chemistry, Academy of Sciences USSR. Since 1942 he has been head of the 
Chair of Colloid Chemistry of Moscow University, where he presents each year a course of general colloid 
chemistry for students of the Chemical Faculty, and also gives special course of lectures on the special trends 
of his work (physicochemical mechanics, theory of structure formation, theory of the formation of new phases, 
surface effects in disperse systems). Many qualified research workers are being trained in the laboratories un- 
der his guidance; during the past 30 years about 80 scientists have originated from his team, of whom 60 have 
been awarded candidate's degrees, and 18 have presented doctorate dissertations. Rebinder's pupils have per- 
formed and published over 300 researches under his general guidance. 


The Soviet Government showed its high esteem of the achievements of P.A. Rebinder in the develop- 
ment of Soviet science and technology by the award of the Stalin Prize for chemistry, for his discovery of the 
adsorptional lowering of strength of solids (1942), and by the award of the Order of Lenin, the Order (1st Class) 
of the Patriotic War, and medals. 


In 1953 P, A. Rebinder was awarded (with E. E. Segalova) the A.N. Bakh prize for physicochemical studies 
of structure formation in cement suspensions. 


Rebinder has always combined his scientific work with extensive teaching activity. He is a brilliant 
lecturer, with a deep affection for his science; he does much scientific and social work by the presentation 
of papers and popular lectures in Moscow and other centers, He has been a member of the Editorial Board of 
Colloid Journal since its foundation, and has always taken part in the organization of the All-Union Conferences 
on Colloid Chemistry. 


At the present time P. A. Rebinder is actively developing his scientific activity and is at the height of 
his creative powers. We confidently expect that the researches of Rebinder and his school will continue to 
enrich Soviet science and technology with new and important achievements. 


Editorial Board 
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MODERN PROBLEMS OF COLLOID CHEMISTRY ® 


I, FORMATION AND AGGREGATIVE STABILITY OF DISPERSE SYSTEMS 


P. A. Rebinder 


In the light of the modern theory of lyophobic and lyophilic systems [1], all two-phase disperse systems, 
including systems of the maximum dispersity (colloidal systems), can be divided into two groups according to 
the magnitude of the specific free interfacial energy o (surface tension), which may be greater or less than the 
boundary value O;). This value is determined by the commensurate value of the mean kinetic energy of thermal 
(Brownian) motion 


sere eae 
m= Ye? (1) 


where 6 is the average size of the particles involved in the Brownian motion ( 6 ~10 & cm); y is a dimen- 
sionless factor ( y ~ 30 [2); R=8.31- 107 ergs/mole + degree, the gas constant; N=6-> 10%. the Avogadro 
number (R/N = k is the Boltzmann constant); T is the absolute temperature. At normal temperatures (T ~ 


300° K), o,, ~ 0.1 erg: cm™”, 


The first group includes lyophobic systems with highinterfacial tension o > o,,, and therefore with 
clearly defined interphase boundaries. The free molecular forces on the surfaces of lyophobic particles, not 
balanced by the surrounding medium, caused well-defined coagulation or coalescence, unidirectional process- 
es which are a manifestation of the aggregative instability of these essentially irreversible thermodynamically 
nonequilibrium disperse systems. The stability of such systems must be regarded in a purely kinetic sense [3] 
as the time of their existence in terms of “half life" (time required for half-demixing of a column of emul- 
sion or foam). 


The aggregative instability of a lyophobic system increases with decrease of particle (droplet) size and 
with increase of their number per unit volume (particle concentration), i.e., with increase of the intensity of 
Brownian motion and of the probability of effective collisions. This is why the degree of dispersion of lyopho- 
bic systems of the emulsion type, especially highly concentrated, cannot be high and is determined by the con- 
ditions of stabilization. The stability of emulsions and foams, even of the maximum concentration, can be 
estimated from the decrease of dispersity (the course of the coalescence of droplets or bubbles). In the case of 
suspensions and sols, observations of the course of aggregation (coagulation) are possible only in the dilute sys- 
tems which are normally studied. In concentrated dispersions (which are the ones of most practical interest, 
for example, in soil science, and in construction work - not model systems but real suspensions and disperse 
materials), aggregation as a whole can be assessed only by the formation and development of coagulation 
structures with their characteristic mechanical strength. In highly disperse systems, because of the intense 
Brownian motion of the particles the strength of the structure increases thixotropically after breakdown, i.e., 
it is reversibly restored. This effect is most pronounced in suspensions of optimum dilution, and considerably 
less so in concentrated dispersions, which already have high initial strength. 


In lyophobic dispersions, formed by mechanical subdivision of solids, the dispersity is determined by 
the conditions of mechanical destruction, which becomes more difficult as the particles become small enough, 


*Paper at the 4th All-Union Conference on Colloid Chemistry, Tbilisi, May 13, 1958. 
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because of the so-called scale reinforcement which occurs after all the defects (weak spots) of the solid struc- 
ture, which are the sites of destruction, have been utilized and the formation of new defects is needed for fur- 


ther subdivision. 


In lyophobic emulsions, further dispersion of the droplets is hindered by intensification of the reverse 
processes of coalescence and even with complete stabilization, the average size of the droplets obtained by dis- 
persion processes remains above 1-1.0 4 (even with the so-called homogenization of the emulsions [4]). There- 
fore,highly disperse lyophobic systems (sols) are made not by dispersion, but by condensation methods, by forma~ 
tion of new phases in which the growth of the initial particles is arrested at the nucleation stage, for example, 
by stabilization effected by adsorption layers. 


Lyophilic disperse systems which retain their two-phase nature are characterized by very low interfacial 
surface energies, below the boundary values determined by the energy of thermal motion (Gy). Such systems 
are therefore formed spontaneously by colloidal dissolution, analogously to true dissolution, under the influence 
of the entropy factor; the increase of entropy due to the more uniform distribution of the substance in the dis- 
perse phase more than compensates for the increase of free surface energy with increase of the interfacial area. 
The dispersity of such lyophilic systems is characterized by equilibrium distribution curves, in the case of spon- 
taneously formed emulsions, as was first shown by Volmer [5], In the case of spontaneous or almost spontaneous 
formed is characterized by the size distribution of the structural defects or "mosaic blocks." Therefore ,dispers- 
ity in -lyophilic systems is not an accidental quantity which depends on the conditions of formation and stabiliza- 
tion, but is determined by the molecular nature of the two phases forming the system, and by their state, i.e., 
primarily the temperature. 


Lyophilic disperse systems formed after sufficiently long coexistence of the two phases cannot be coarse- 
ly or arbitrarily disperse, and both routes — condensation and dispersion - lead to the same ultimate result. 
Lyophilic systems are semicolloids in the sense that they contain appreciable amounts of the substance of the 
colloidal phase in true solution in the surrounding dispersion medium. At the same time, it is such reversible 
systems that are the true colloids ~ two-phase, ultramicroheterogeneous systems of maximum dispersity; in 
thermodynamic equilibrium or quasi~equilibrium; the concept of aggregative instability is not applicable to 
them, and they do not require stabilization. 


Differences between lyophobic and lyophilic systems are most pronounced in systems with liquid inter- 
faces - emulsions or semicolloids. Aqueous soap solutions which solubilize, i.e., absorb in their micelles. de- 
finite arnounts of hydrocarbons, are such systems. Only systems with liquid interfaces can be regarded as be- 
ing in thermodynamic equilibrium. With solid disperse phases such equilibrium is attained only «as the result 
of alternate formation and dissolution of nuclei of the new phase, ultramicrocrystallites. 


Lyophobic emulsions consisting of pairs of pure liquids are most generally converted into lyophilic ones, i.e., 
spontaneously forming, when the temperature approaches the critical temperature of phase mixing (critical 
emulsions). 


Lyophilic (spontaneous) emulsions or semicolloids may be formed continuously from ordinary lyophobic 
emulsions of the "oil in water" type by the introduction of sufficient amounts of a surface-active component 
such as soap. The interfacial tension then falls below the critical value, and emulsification proceeds spon- 
taneously, as we showed jointly with Pospelova [6], as the result of a peculiar type of phase inversion: the ex- 
ternal medium, water, is absorbed by the oil phase containing a large amount of acid soap colloidally dissolv- 
ed init. The water, in becoming dispersed, is solubilized in the soap oleomicelles (reverse solubilization). 
Gradual increase of the water content in the oil phase results in a sharp inversion of phases, which may be de- 
tected by a sudden increase of electrical conductivity; the oil phase becomes a maximum-concentration lyo- 
philic colloidal emulsion of oil in water, distributed in the form of thin films between oil cells. A gel-like 
system of this type, sometimes described as an emulsol or soluble oil, can be spontaneously diluted with any 
large quantity of equilibrium aqueous medium [6]. The reverse solubilization of water in oil thereby passes into 
direct solubilization of oil in water. 


Solutions of surface-active substances with hydrophilic polar groups and sufficiently long hydrocarbon 
chains in aqueous media are lyophilic colloids of this type. These soaplike substances may be ionogenic or 
nonionogenic in their polar groups; they are typical protective colloids — stabilizers, emulsifiers and foam- 
ing agents, wetting agents and detergents. All the properties of such semicolloids are closely associated with 
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their two specific characteristics - adsorbability at various interfaces, and the ability to form spatial coagula- 
tional structures, especially in surface layers but also in the solution volume. 


If the polar group is insufficiently hydrophilic, as in the series of saturated alcohols, the true solubility 
falls sharply with lengthening of the hydrocarbon chain, while colloid formation is very weak. 


Thus, by appropriate choice of the polarity of the mixed solvent, the hydrocarbon chain length, chemi- 
cal nature, and the hydrophily of the polar group, and by introduction of additives such as solubilizable sub- 
stances, it is possible, by decrease of temperature or increase of concentration, to effect a remarkable continu- 
ous transition from a true solution or one-phase system to a two-phase lyophilic colloidal system, i.e., a micellar 
semicolloid, and ultimately to a lyophobic suspension of soap crystallites or an emulsion. This last case is 
specially characteristic ~ it corresponds to the introduction into a soap solution of an excess of hydrocarbon 
above the amount which can be solubilized. An excess of nonpolar liquid forms suddenly, but with a continu- 


ous increase of its quantity, a coarsely emulsified phase, stabilized by adsorption layers of soap as in ordinary 
direct emulsions, 


Thus, the general principles of formation and stability of colloid systems of different types are demon- 
strated by solutions of typical surface-active substances in water and in liquids of varying polarities. 


We now return to lyophobic systems, which require stabilizing layers for adequate stability, i.e., for pro- 
longed existence. 


Let us consider all the three possible stabilization factors [8, 4]: 


1. In systems with liquid interfaces, and especially in foams and individual films (bubbles) attenuation 
of the film is prevented by local instantaneous differences of surface tension due to extension of the adsorption 
layers covering the film (the Marangoni-Gibbs effect). These differences are equalized by surface and volume 
diffusion of the adsorbed stabilizer, and therefore they can ensure only short lives; hence the Marangoni-Gibbs 
effect can be only a weak factor in stabilization. 


2. The formation of double layers of ions and, equally, of molecular adsorption layers, stabilizes the 
particles in lyophobic systems if the layers themselves are lyophobic on their external surfaces. This means 
that at fairly large distances, when the van der Waals cohesion between the particles is weak, these cohesion 
forces are also weak between the outer boundaries of the layers, which may be interpreted as low residual sur- 
face tensions at these boundaries. 


Such stabilization may be termed thermodynamic, irrespective of whether it is caused by an ionic or by 
a molecular stabilizer, i.e., whether the particles are charged or not. Such thermodynamic stabilization is very 
common, and has already been studied by us in detail [3] in the case of reversible oriented adsorption of typical 
surface-active substances on hydrophilic particles of suspensions in hydrocarbon media. 


3. Thermodynamic stabilization is also a weak stabilization factor. Particles may approach each other 
at fairly high instantaneous velocities as the result of the kinetic factor, not controlled by thermodynamics. 
Therefore under conditions of high particle concentration and dispersity, considerable stabilization, of the maxi- 
mum degree, may be attained only if the protective adsorption~solvation layer is structurized, i.e., if it has 
structural viscosity at low velocity gradients, much higher than the viscosity of the medium, and thus serves 
as a structuromechanical barrier [7-9]. 


However, the existence of such a barrier, which is a necessary condition for virtually complete stabili- 
zation of lyophobic systems is sufficient only if the surface energy at the outer boundary is low and does not 
increase sharply in the approach to the .particle. Otherwise, in the presence of a lyophobic and not a lyophilic, 
even if structurized, layer, coagulation - secondary flocculation - takes place by cohesion of the layers at 
their external surfaces. 

In their simplest form, such effects were studied by us in the chemical adsorption of surface-active 
substances by polar groups at the surfaces of hydrophilic solid particles [10]. The outwardly directed hydro- 
carbon chains become bound with each other in a peculiar local coalescence of the hydrophobic layers. Later 
this type of particle flocculation became widely used in practice not only in flotation processes, but also for 
increasing the rate of filtration. 
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Il. STRUCTURE FORMATION IN DISPERSE SYSTEMS 


Coagulation structures are formed by cohesion of the particles by weak van der Waals forces through 
thin residual interlayers of the medium [1, 11-13]. If the volume content of the solid phase is small, such co~- 
agulation structures are formed only when the dispersity is high, i.e., at high particle concentrations, if the 
particles are sufficiently anisometric, and if the surface is sufficiently lyophilic, i.e., if the number of coagu~ 
lation centers, generally localized at the ends and edges of the particles, is small. 


Stabilization allows a considerable increase of the volume content of the solid disperse phase, i.e., 
of the degree of filling, with the strength of the coagulational structure remaining unchanged. Only powerful 
stabilization, due to the formation of a structuromechanical barrier in the liquid interlayers, is effective. For 
example, the addition of surface-active protective colloids, such as humates or sulfolignates,is the only method 
for the liquefaction of concentrated or weighed clay suspensions used as drilling fluids. 


It must be pointed out that at the highest particle-packing densities, which can be attained only as the 
result of maximum stabilization, the system retains high plastic strength despite such stabilization, and this 
strength is largely due to structure fortnation of the stabilizing protective colloid itself in the interlayers be~ 
tween the particles. The thin interlayers of the medium at the regions of contact between the particles of a 
coagulational structure determine all its remarkable properties — the power of reversible breakdown and restora- 
tion (thixotropy), low strength, plasticity, and creep at any shear stress,no matter how small, corresponding to 
slow flow at the maximum viscosity of the almost intact structure, 9 or even 10 orders of magnitude greater 
than the minimum (Newtonian) viscosity of the structure :at maximum breakdown, which is only a little greater 
than the viscosity of the medium (solvent) [13, 14). 


This also accounts for a remarkable property common to all coagulation structures, their high elasticity 
and very pronounced elastic aftereffects. All these properties are properties of the coagulation structure as a 
whole, and not of its constituent particles [1, 11, 13]. 


Condensation—crystallization structures, in contrast to coagulation structures, are formed by the action 
of chemical principal valence forces, as in spatial polymerization (or vulcanization by means of bridge bonds), 
or by direct coalesence of crystallites of the new phase being formed. 


The development kinetics of crystallization structures, based on primary concentrated coagulation struc- 
tures, is of special significance in the theory of hardening of mineral binders in building materials - cement 
pastes and concretes. Condensation=crystallization structures are characterized by extremely high strength, 
breakdown of essentially irreversible nature, and absence of thixotropic properties. 


Coagulation structures may in principle have relatively high thermodynamic stability; in the course of 
thixotropic buildup,characteristic of fairly dilute suspensions, and in spontaneous condensation = syneresis in 
concentrated suspensions ~ with attenuating of the liquid interlayers between the particles, coagulational struc- 
tures tend to thermodynamically more stable equilibrium states; this is in harmony with the increase of their 
mechanical strength. 


In contrast, crystallization structures or concretions of crystallites are formed from supersaturated solu- 
tions only at quite high supersaturations, and are thermodynamically unstable owing to the nonequilibrium 
nature of the coalescence regions of the crystallites. Therefore, as Segalova [15] has shown, the subsequent 
tendency of crystallization structure to reach thermodynamic equilibrium is manifested in dissolution of the 
coalescence contacts with a decrease of the mechanical strength to zero as the result of isothermal transfer of 
the solid-phase substance ~ the transfer of the substance from the coalescence regions to the free crystallite 
surfaces, with the formation of free, nonconcreted crystals. 


Intermediate colloidal systems, near to lyophilic, even with low contents of the disperse phase, readily 
form coagulation thixotropic structures or gels; both in the case of solutions of soaplike surface-active sub- 
stances, and in the case of colloidal suspensions of clays. This is due to the high dispersity - large number of 
particles = of micelles or microcrystallites per unit volume, their anisometric character, and the location of 
the coagulation centers at individual border regions of the particle surfaces. In contrast to this, crystalliza- 
tional structures are characteristic of more lyophobic systems with fairly high interfacial tensions. Because of 
this, sufficiently high supersaturations can arise in the formation and development of the new phase, which is 
necessary for coalesence of the crystallites. 
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The mechanical properties of coagulation structures can be regulated by increase of the degree of filling 
of the system with the solid disperse phase, by control of its primary dispersity, and by addition of stabilizers 
and coagulants. This is the primary importance in modern soil science, and particularly for control of the 
properties of soils from the geological- engineering (constructional) standpoint, as has been demonstrated by 
Serb~Serbina, Denisov [16], Gor*kova [17], and Liubimova [18]. These considerations apply also to processes 
of working and molding of clays in the ceramic industry, as was shown by Nichiporenko [19]. By decrease of 
the thickness of the liquid interlayers between the particles of the disperse phase, for example by slow drying 
of extremely dense clay pastes, it is possible to effect a continuous transition from soft, highly plastic coagula- 
tion structures to very strong brittle structures with the strength and properties of monolithic stone. However, 
such structures differ from crystallization structures in being unstable to the action of water, and they liquefy 
reversibly on adsorption of even small quantities of water, corresponding to the limiting adsorptional strength 
decrease ~ spontaneous dispersion in the given liquid medium, with respect to which the solid phase is lyo- 
philic (hydrophilic). 


The strength of crystallization structures can be controlled at the first stages of formation and growth of 
the new phase, in the induction period of structure formation, by variation of the dispersity of the crystal nuclei 
by means of adsorptional modification [20] and, for example, by termination of their growth as the result of 
blocking by adsorption layers, and by variation of the conditions for further coalescence of the crystals and the 
formation of a framework [15]. 


One important example of coagulation structure formation is the action of active fillers, especially in 
polymers and their solutions. 


The filler particles, which form a suspension in the filled medium, favor the development of a spatial 
structure in it even when their volume fraction is low, and greatly raise the strength of this structure by form- 
ing junctions — centers of structure growth — by virtue of adsorption forces on the surface of the filler particles 
[21]. We showed long ago [22] that if an original system consists of a polymer (for example, rubber) solution 
of such low concentration that a structural network cannot be detected in it by the usual methods, the introduc- 
tion of small amounts of filler, in themselves insufficient for the development of a coagulation structure, re- 
sults in the formation of a network structure of appreciable strength (limiting static shear stress) in the solution. 


As the amount of filler is increased, its particles begin to form a secondary coagulation structure, inter- 
acting with each other through the thin residual interlayers of the medium ~ the polymer or its solution. This 
produces a further increase of strength, and, correspondingly, an increase of the maximum limiting viscosity of 
the virtually intact structure [23, 24]. These are the optimum degrees of filling used in rubber, plastics, and 
bitumen technology. 


The presence of thin interlayers of a medium (dielectric) between the particles of electron-conductive 
active filler (such as carbon black in rubber), which form a coagulation structure by cohesion into chains and 
frameworks, is proved by the fact that the conductivity of such systems does not remain constant, but rises 
sharply over a definite range with increasing potential difference, in accordance with the breakdown mechan- 
ism [25]. 


If the surface of the filler particles is not sufficiently lyophilic with respect to the medium, the filler 
is inactive; if small amounts are added, the particles do not assist the development of a network in the poly- 
mer, while at higher filler contents they undergo compact coagulation, i.e., they are not dispersed in the poly- 
mer and therefore cannot form a coagulation structure in it. Therefore,inactive (lyophobic) fillers do not 
cause reinforcement or improvement of the mechanical (strength) properties. We have shown [21, 22] that 
inactive fillers of this kind can be activated by oriented adsorption of surface-active substances, which re- 
sults in inversion of the selective wetting of the particle surfaces [26]. Hydrophilic fillers can be made “carbo- 
philic® (wetted by rubber) by surface adsorption of surface- active substances with sufficiently long hydrocarbon 
chains, provided that chemical fixation (chemisorption) of the polar groups takes place [26]. This chemical 
fixation at definite regions of the surface of the crystal lattice results in fixed orientation of the water-repel- 
lent hydrocarbon chains outward, making the solid surfaces stably hydrophobic, as is found in the action of 
flotation collectors. Hydrophilic fillers which are compounds of alkaline earth metals (calcium and magnesium 
carbonates, barium sulfate, etc.), can thus be activated by carboxylic acids or soaps, while hydrophilic fillers 
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such as silica, silicates, and aluminosilicates are activated by cationic reagents (amines, salts of quaternary 


ammonium bases, pyridine derivatives). 


The oriented adsorption layers of the activator intensify the molecular bonding between the polymer and 
filler, the particles of which thus become centers in the spatial network formed by the polymer macromolecules. 
At the same time, the activating adsorption layers peptize and stabilize the filler particles in the polymer or 
its solution, which favors the development of coagulation structures at sufficiently high filler contents by pre- 
venting compact coagulation, and makes it possible and advisable to use higher contents of filler, correspond- 
ing to the optimum properties of the material. Such adsorptional activation of disperse pigments in paints and 
varnishes corresponds to a sharp decrease of the oil capacity, i.e., formation of coagulation structures at higher 
volume contents of the pigment. It is therefore clear that the pigment in a varnish system must play the role 
of a filler, not only ensuring good color and covering power, but also improving the mechanical properties of 
the coating — its strength and hardness. 


As is known, vulcanization consists of the formation of a spatial network in linear polymers by means of 
chemical cross links (bridges) at the unsaturated regions of the macromolecules. This gives rise to a typical 
condensation structure, analogous to the structure of a space polymer, as in silicic acid gels. Such condensa- 
tion structures have high strength, break down irreversibly, and are devoid of thixotropic properties. However, 
it is evident from the foregoing that van der Waals (adsorption) bonds which arise on the introduction of active 
fillers can serve as bridges. The spatial structures so formed are coagulational, have thixotropic properties, and 
are easily regenerated, i.e., they are restored spontaneously after breakdown. It follows from Pisarenko’s work 
that it is possible to effect a continuous transition from coagulation structures which arise in polymers with the 
participation of active fillers, to condensation structures resulting from vulcanization. This transition is effected 
in industrial practice in the form of rubbers with high carbon-black contents, vulcanized with very small amounts 
of vulcanization agent (sulfur) for very short times at high temperatures. The vulcanizates so formed have pecu- 
liar thixotropic properties, with easy regenerability of structures. 


The theory of structure formation in colloid chemistry provides a solution to the principal problem of 
physicochemical mechanics [28], the production of materials of predetermined structure and mechanical proper- 
ties. These include a great variety of materials, from fluidlike and then solidlike plastic structures to various 
high-strength solids such as concretes, asphaltic concretes, plastics, vulcanized rubbers, metallic alloys, sin- 
tered metals, glass, and ceramics. 


In the solution of such problems special significance attaches to the simultaneous influence of physico- 
chemical factors and of mechanical (especially vibrational) forces in the dispersion and maximum breakdown 
of structure at the initial stage, and therefore in the uniform distribution of particles and maximum condensa- 
tion of the structure; this has been demonstrated by Mikhailov [29] in relation to the scientifically substantiated 
concrete technology which is being developed by him. 


Il, DISPERSION. BREAKDOWN AND PREDESTRUCTION OF SOLIDS 


We have seen that structure formation in disperse systems is one fundamental problem of physicochemi- 
cal mechanics. Its second fundamental problem, the converse of the first, is also closely associated with the 
development of colloid chemistry. This is the problem of fine grinding or dispersion of various solids and also, 
more generally, the problem of deformation regarded as predestruction, and of the actual destruction of solids, 
i.e., the formation of new interfaces with the surrounding medium. 


As was to be expected, destruction processes of solids, and the preceding deformation processes, are 
highly sensitive to physicochemical factors [30]; the reversible influence of the medium and of additions of 
adsorbable substances, which decrease the work of formation of new surfaces, together with the optimum mech- 
anical influences and variations of temperatures, make it possible to regulate deformation processes and to 
achieve a continuous transition from adsorptional lowering of strength in the mechanical breakdown of solids 
to spontaneous colloidal dispersion with formation of two-phase lyophilic systems of the maximum possible de- 
gree of dispersion. 


All solids have structural defects - weak places, distributed in such a way that the solid regions between 
them are, on the average, of colloidal dimensions (of the order of 107° cm) = and on the average there is one 
defect for every 100 regular interatomic (or intermolecular) spacings. 
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Structural defects develop under the influence of stressed states induced in solids by external forces 
(if these stressed states are such that they lead to destruction of the body when they increase in intensity). 
Structural defects therefore act as nuclei of new surfaces in ultramicrocrevices which develop at the bound- 
ary with the surrounding medium or with layers of the adsorbed substance,which are able to cover these surfaces, 
by two-dimensional diffusion, in the course of their development. Therefore the deformation process itself, 
under the influence even of small stresses, which inevitably involves the development of new surfaces in a 
given solid at the boundary with the surrounding medium, is a predestruction process ~ a process of internal or 
latent dispersion [30, 31]. At the same time, deformation processes and the breakdown in which they culmin- 
ate, especially in surface~active media, must be regarded from the kinetic aspect; in the case of crystals having 
definite plasticity, in the light of the dislocation theory [2]. In fine grinding, for example, under the action | 
of vibrations at sufficiently high frequencies, leading to brittle destruction, the work of dispersion per unit vol- 
ume dA/dv = H is approximately proportional, by Rittinger's law, to the product of the specific free surface 
energy oO and the dispersity of the product Sy = S/v. The dimensionless proportionality factor K = H/ oS; 
is very considerable; only a small proportion (1/K) of all the surfaces which develop in unit volume of the 
deformed solid becomes completely opened up during the destruction, while the other surfaces, after the stress 
is released in the course of the breakdown, are closed again under the action of the cohesion forces in the de- 
formed body, and the corresponding part of the work of destruction is dissipated in the form of heat [31]. 


The process of destruction, i.e., the formation of new surfaces with the corresponding surface energy, is 
activated by the energy of elasticity stored in the body during the preceding deformation. The condition for 
breakdown as the result of loosening of the structure at the weak spots or defects may be written as [32, 33] 


B Ppp = oS — kT, (2) 


where = is the strength, i.e., the highest (limiting) stress which the body can withstand; S~ §? and v= 63 
are the average surface area and average volume of the mosaic block; 8 andy are dimensionless coefficients. 


When Py = 0, Equation (1) becomes the condition for spontaneous dispersion (1): 
, 6 <3 = ykT'/S. (3) 
If the strength of the body in the given medium is fairly considerable (the lyophobic case 6 >> G_ 
BP md =, (4) 


and if the surface formed by brittle destruction is the same (which in the simplest case corresponds to the de- 
velopment of one, the weakest, spot, as in the brittle fracture of a crystal into two parts),the relative decrease 
(Pm)o— (Pm) A ; : 
of strength (P_) produced by the given active medium, as compared with the strength in vacuum 
™m/0 
or an inactive medium, is determined by the corresponding relative decrease of surface energy. 


We showed, for a variety of destruction conditions, that under the same mechanical conditions the sur- 
face area formed, i.e., the dispersity of the product, is considerably greater in a surface-active than in an in- 
active medium. This is the direct consequence of the complete development of a large number of weak spots 
of different kinds during brittle destruction, and of a number of slippage planes which come into operation dur- 
ing the plastic deformation of a single crystal in an active medium. 


If the interfacial surface energy is decreased very considerably under the influence of the external med- 
ium, i.e., in the lyophilic case, the true strength of a solid (with its defective structure taken into account ) 
can be decreased so much that even small residual internal stresses cause dispersion in a given medium. This 
type of transition to spontaneous dispersion can be effected, for example, in bentonite or even subbentonite 
clays, the strength of which in the compacted and dried state is very high, but which falls almost to zero un- 
der the influence of moisture. This corresponds to spontaneous colloidal dispersion of the clay in water as the 
result of the opening (in the wetted state) of all the weak spots localized at the cleavage planes and layer lat- 
tices of clay minerals of the montmorillonite group. At the same time, the true solubility of these metals in 


water is virtually zero. 


We have briefly considered three problems, specific for modern colloid chemistry, analysis of which is 
based on the theory of surface phenomena — the problems of stability, structure formation, and dispersion. 
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All thtee problems are characterized by remarkable and, moreover, to some extent continuous transitions 
from one-phase systems (true solutions) to two-phase (microheterogeneous) disperse systems, from lyophobic to 
lyophilic disperse systems, from weak to strong stabilization factors, from coagulation to condensation~crystal- 
lization structures, and from mechanical destruction to spontaneous dispersion in a given medium. These pecu- 
liar transitions clearly characterize the individuality of colloidal systems as transitional systems; and thereby 
reveal the peculiar nature of the field of science concerned with them ~ the physical chemistry of disperse sys- 


tems and of surface phenomena in these systems. 


SUMMARY 


1. Dispersetwo~phase(microheterogeneous) systems are divided into two groups; a) lyophobic systems 
with high interfacial tension above a certain critical value 9 > Oy, and b) lyophilic systems of low o(0 < 


GO < Oj). 


Lyophobic systems are unstable, and are characterized by a certain "life" (time of half-demixing of a 
column of emulsion or foam); their dispersity is arbitrary and relatively low if they are made by dispersion 
methods. In the formation of lyophobic systems by condensation methods, their dispersity can in practice be 
kept high if the further growth of the particles and their coagulation or coalescence is prevented by means of 
stabilizing (protective) adsorption layers. 


Lyophilic two-phase systems (critical and spontaneously-formed emulsions, semicolloids) are thermo- 
dynamically stable and are formed spontaneously; they have quite definite high dispersity, characterized by 
the size distribution curve for the droplets or micelles in the colloidal region. 


The limiting lyophilic system corresponds to unlimited mutual solubility (o = 0), i.e., to the formation 
of a one=phase system — a true solution of an ordinary or polymeric substance in the given medium. Continu- 
ous transitions from lyophobic to the limiting lyophilic systems, i.e., from coarsely disperse systems, through 
semicolloids, to true solutions, may be effected in various ways. 


2. Weak stabilization factors are inadequate for the production of almost complete aggregative stability 
in concentrated lyophobic disperse systems, and it is necessary to use a strong stabilization factor — the struc- 
turomechanical barrier which arises in the structurized surface layer of the dispersion medium, or in its volume. 


3. The development of spatial coagulation and crystallization structures makes it possible to effect a 
continuous transition from true viscous liquids to solidlike thixotropic plastic structures and to brittle solids of 
high strength. Thus, consideration of structure formation in disperse systems leads to a solution of the funda- 
mental problem of physicochemical mechanics ~ the production of technical materials, solids and structurized 
systems, of predetermined disperse structure and mechanical properties (as in the hardening of mineral cements), 
by the development of crystallization structures and transition from coagulation to condensation (vulcanization) 
structures in polymers and their solutions under the action of active or activated fillers. 


4. Studies of dispersion processes of solid bodies, with consideration of their defective (disperse) struc- 
ture and the kinetics of predestruction in a surface-active medium,make it possible to effect a continuous 
transition from mechanical destruction (fine grinding), facilitated by the adsorptional action of the medium 
and admixtures, to spontaneous dispersion. 
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SOME CHARACTERISTICS OF THE ADSORPTION OF SURFACE-ACTIVE 
SUBSTANCES IN NONAQUEOUS MEDIA 


A. B. Taubman and S. I. Burshtein 


1. Surface Activity in Formamide and at the Hydrocarbon = Water Interface 


In a series of investigations of surface tension of solutions of surface-active substances, Rebinder [1] estab- 
lished relationships between surface activity and the molecular properties of the interface; these relationships 
are extremely important not only in relation to the general laws of adsorption at liquid interfaces, but also with 
regard to the practical production of stable technical emulsions, foams, suspensions, active lubricating fluids, 
etc. These investigations have been extended further by one of the present authors [2], especially in relation 
to nonaqueous solutions. 


In this communication we consider data which, in conjunction with earlier results, can be used for the 
formulation of the most important laws of adsorption from nonaqueous media. Because of the different molecu- 
lar properties of water and nonaqueous solvents; these laws should differ significantly for their solutions. Be- 
cause of the diphilic structure of these compounds, their adsorption properties are influenced by the individual 
parts of the molecules, the hydrocarbon chains and the functional polar groups; this influence can be evalu- 
ated separately in the over-all effect. 


Presented below are the results of a study of the surface activity of molecularly soluble surface~active 
substances = organic acids, alcohols, amines, and others ~ in two nonaqueous solvents showing extreme differ- 
ences in their polar properties: in formamide, at the solutionvapor interface, and in a hydrocarbon medium, 
at the solution— water interface, for substances insoluble in water (higher homologs). 


The method consisted of measurements of the surface tension of solutions by the maximum bubble or 
drop-pressure method, and cryoscopic determinations of their thermodynamic activity. The solutions were 
studied in the range of low concentrations, so that in calculations of the adsorption of the surface-active com-~ 
ponent (I) and of its maximum value ( Ty) it was possible to use the Gibbs equation in its normal application 
to binary solution, adsorption of the solvent being equated to zero (the Gibbs condition): 


where Oo, pt, c and f are the surface tension, chemical potential, concentration, and activity coefficient respec- 
tively; since adsorption from the aqueous phase at the interface between the two liquids was excluded in ab- 
sence of partition of the solute, this equation could also be applied to three-component systerns, All the com- 
pounds studied (normal members of homologous series) and solvents were thoroughly purified. 


The results obtained reveal a number of features in the adsorption behavior which distinguish nonaque- 
ous solvents from water. 


Formamide solution=vapor interface. Among nonaqueous solvents of different molecular nature, form- 
amide is especially suitable to use in investigations of adsorption behavior, as it has well-defined polar proper- 


ties (dielectric constant € = 84, dipole moment p = 3.2 D, with a weak diphilic character, owing to the ab- 
sence of a hydrocarbon chain in the molecule) and relatively high surface tension ( dx = 58.35 ergs /om), 
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Surface tension isotherms for solutions of some intermediate homologs in the aliphatic alcohol, acid, and 
amine series in formamide are shown in Fig. 1. It is seen that the adsorption of these com pounds is fairly pro- 
nounced, and increases rapidly along the homologous series. The coefficient of the Traube rule, B = Go(n+1)/ 


/Go(n) ,calculated from the maximum surface activities Gg = 


ose = 2 where b and a are the constants of 
: D & 


the Shishkovskii equation, is 8 = 1.8. This value corresponds to the work of adsorption of the hydrocarbon 


chains W = RTIn B = 345 cal/mole of CHg groups. 


0 05 10 is moles/ kg 


Fig. 1. Surface activity in formamide at the solution— 
vapor interface at 20°: 1) Heptyl alcohol; 2) caprylic 
acid; 3) heptylamine; 4) heptylic acid; 5) caproic 


However, the surface activity in formamide 
is much lower than in water (€ = 80, wm =1.8 D), 
for which g = 3.5 and W = 780 cal/mole [1]; thus, 
for butyl and heptyl alcohols Gg is 240 and 10,000 
absolute units ,respectively,in water, and 48 and 300 
absolute units in formamide. Thus, the adsorption 
of surface-active molecules depends only slightly on 
the dielectric properties of the medium from which 
they are adsorbed, and is determined mainly by the © 
nature and degree of the interaction of individual 
portions of the diphilic molecules with the correspond- 
ing groups of the solvent molecules. 


Alcohols have greater activity in formamide 
than amines or acids of the same chain length; in 
contrast, the activity in water is virtually the same 
for substances of all three series. This result is evi- 
dently due to the greater differences in the energy 
of interaction of the polar groups of these substances 
with formamide, the molecule of which essentially 


acid; 6) butyl alcohol; 17) butylamine; 8) butyric 
acid. 


consists of a single polar group, than with water in 
the hydration of the same groups in aqueous solutions. 


It is important to note that these molecular interactions also influence the structure of the adsorption 
layers. 


The table contains calculated values of the maximum adsorption ( I')y) and the minimum area (S)4) 
occupied by each adsorbed molecule in saturated adsorption layers in the substances studied. 


It follows from these results that the molecular 
packing density in saturated adsorption layers in form~ 
amide solutions does not correspond to the actual 
dimensions of the oriented adsorbed molecules. As 
in aqueous solutions [3], Sjy is considerably greater 
than their cross«sectional areas; this indicates that 
a factor considered earlier ~ the solvating effect of 
the medium, which prevents maximum packing of 
the molecules [4] — is operative. 


Structure of Adsorption Layers in Formamide Solutions 


in moles/ 


Surface~active sub- 
stance 


Ty: 


Butyl alcohol 
Heptyl alcohol 
Butylamine 
Heptylamine 
Caproic acid 
Heptylic acid 
Caprylic acid 


It is clear that in formamide solutions, at the 
liquid-vapor interface, solvation affects only the 
polar groups of the dissolved molecules, which can 
readily interact with the solvent by hydrogen bond- 
ing. 


Hydrocarbon=water interface. In adsorption 
from nonpolar hydrocarbon media, which have the lowest surface tensions of all organic compounds (0 ~ 20 
ergs /cm?), adsorption layers can be formed only at interfaces of hydrocarbons with polar liquids. 


The interfacial tension is greatest ( 042 ~ 50 ergs/cm?) at the water interface, so that the surface activ- 
ities of any substances soluble in hydrocarbons can be investigated in hydrocarbon solution. Figure 2 shows 
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isotherms for the lowering of the interfacial tension A O12 ~ c for members of different homologous series in 
adsorption from n-octane; it is seen that the surface activity of diphilic molecules is determined primarily 
by the work of adsorption of the polar groups and not of the hydrocarbon chains, the influence of chain length 


being very weak. 


Comparison of the isotherms for the Cy and Cyg homologs in the alcohol series, and Cyz and Cyg homo-~ 
logs in the acid series, indicates that the surface activity increases very little in the series; the value of the 
Traube coefficient 8 = 1,1-1.2, which corresponds to a very low value of the work of adsorption W~ 50-100 


cal/mole of CHg groups. 


46, ergs/ cm? 
20 


15 


6 moles/kg 


Fig. 2. Surface activity at the octane~water interface 
at 20°: 1) Heptyl iodide; 2) methyl laurate; 3) lauryl- 
amine; 4) lauryl alcohol; 5) cetyl alcohol; 6) lauric 
acid; 1) stearic acid; 8) oleic acid. 


0 ‘00s 003 004 


Gy, TBS / cm? 


G2 G50 Oh 


Fig. 3. Surface activity at the hexane~water inter- 
face; 1) Nitrophenols; 2) hydroxyphenols. 


It is interesting to note in this connection that 
the surface activities of diphilic molecules in ad- 
sorption from hydrocarbons and from water respective- 
ly differ by many orders of magnitude; for example, 
the values of the maximum surface activity Gg for 
stearic acid are 10° and 10”° absolute units, respective- 
ly.* Clearly, the value of 8 may considered as 
one of the characteristics of the polar properties of 
the medium from which adsorption takes place. 


For a given chain length, the functional groups 
can be arranged in the following series in order of 
adsorption capacity: OH = COOH = NH, = COOR > 
*I=Cl. This series corresponds with the series for 
the force of adhesion to water, which indicates the 
ability of these groups to form monolayers, differing 
in stability, of insoluble long-chain homologs of sur- 
face-active substances [5]. 


It may be noted in illustration that according 
to our calculations the work of adsorption, say of 
carboxyl group, in adsorption from octane is ~2500 
cal /mole. 


It is also interesting to note that this series 
likewise represents the effectiveness of adsorptive 
action of surface-active substances on the deforma- 
tion behavior of solids — single metallic crystals = 
in hydrocarbon media; here this influence is de- 
termined only by the specific properties of the func- 
tional groups in the molecules [6]. 


Clear confirmation of this decisive role of 
polar groups in adsorption was obtained in our studies 
of surface activity of three isomers of nitrophenol 
at the hydrocarbon~ water interface. It is known that 
o-nitrophenol forms an intramolecular hydrogen 
bond in nonpolar solvents, by ring closure between 


neighboring NOg and OH groups [7]. Because of this utilization of the acceptor properties of hydrogen, the 
compound loses its polar groups and therefore the properties which are determined by their presence in the 
molecule, in contrast to the other two isomers, which cannot form intramolecular hydrogen bonds for steric 
reasons. This is clear from Fig. 3, which shows the 042 —c isotherms for the o-, m-, and p-isomers of nitro- 
phenol and hydroxyphenol respectively, at the hexane~water interface. Since the surface activity (G) increases 
symbatically with increase of molecular asymmetry, it follows [8] that the following series is valid for hydroxy- 


*The value for stearic acid in aqueous solution was found from values of Gg for average water-soluble fatty 


acid homologs and from B = 3.5. 
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phenols at the aqueous solution~vapor interface: Gg > Gm > Gp: We found the same sequence for the hexane ~ 
water interface (Fig. 3,2), as, because of the insolubility of hydroxyphenols in hydrocarbons, they are adsorbed 


almost entirely from the aqueous phase only. 


The sequence for nitrophenols is different (Fig. 3, 1). While the activities of the p- and m-isomers are 
considerable, and the Gy > Gp sequence is normal, the activity of the o-isomer is negligibly low; because 
of its anomalously high relative solubility in hydrocarbons * it is adsorbed predominantly from the organic sol~ 


vent asthe result of distribution between the two phases. 


This role of the polar groups readily accounts for the position of the surface-tension isotherm for oleic 
acid in Fig. 2 (Curve 8). Its exceptionally high surface activity, relative to that of stearic acid, is the conse~ 
quence of the presence of a double bond in the molecule; this acts as a weak polar hydrophilic group, which 
greatly intensifies the action of the principal functional group in a nonpolar solvent (similarly, in aqueous solu- 
tions it greatly lowers the surface activity of unsaturated compounds). This conclusion follows also from the 
considerable value of the dipole moment and the easy polarizability of the double bonds, and also from the 
differences between the spreading coefficients K = Wa ~ Wc (where Wa and Wc are the work of adhesion and 
cohesion respectively) of saturated and unsaturated hydrocarbons; for example, K for octane is 0.3 erg/ cm?, 


2 


and for octylene it is 28.2 ergs/cm*. This latter value is comparable to the values for polar compounds (for 


example, K for octyl alcohol is 36.7 [10]. 


} Octane 


Cyclohexane 


462, ergs/ cm? 
20+ 


/ 


10 
\ Benzene 


0 002 004 006 G08 ¢ moles/ kg 


Fig. 4. Surface activity at hydrocarbon- water inter- 
faces in adsorption from n-octane, cyclohexane, and 
benzene at 20°; 1) Stearic acid; 2) lauryl alcohol. 


It follows from the foregoing that the adsorp- 
tion of surface-active molecules should be greatly 
influenced by differences between the polar proper- 
ties of hydrocarbon solvents. In fact, it is clear from 
Fig, 4 that the adsorption of surface-active sub- 
stances is much less from the readily polarized ben- 
zene than from the difficultly polarized octane and 
cyclohexane. 


The structure and properties of the adsorption 
layers are also influenced by the hydrocarbon med- 
ium in a number of characteristic ways. 


All the AQy, ~ c isotherms (Fig. 2) differ charac~ 
teristically from isotherms for aqueous solutions; 
there is no S~shaped bend in the initial region of 
the curves, caused by interaction between the hydro- 
carbon chains of the adsorbed molecules. This change 
in the shape of the isotherms is the result of solvation 
of the hydrocarbon chains in the adsorption layers by 


the hydrocarbon solvent, which greatly weakens such interaction. 


This solvation effect can be characterized quantitatively by the value of the cohesion constant in the 
equation of state for the adsorption layer; this is close to unity, irrespectively of the length of the hydrocarbon 
chains of the adsorbed molecules, corresponding to almost complete elimination of cohesion forces [4]. 


These considerations are .also confirmed by a certain experimental criterion. It is known that the maxi- 
mum bubble pressure method used in the present investigation is applicable to determinations of surface tension 
of solutions at interfaces with vapors of only the lower and intermediate homologs of surface-active substances. 
Beyond the Cz to Cg homologs the results are no longer reproducible. However, in the present investigation 
this method of maximum pressure of drop formation at interfaces between two liquid phases could be used for 
determinations in solutions of any homologs (up to the Cy homolog in our experiments), strictly quantitatively 


and quite reproducibly, 


It may be assumed that lack of reproducibility is a consequence of surface micelle formation, as first 
reported by Frumkin [11] and later by Langmuir, as the result of which structural uniformity of the adsorption 


*The solubilities of the p-, m=, and o-isomers of nitrophenol in benzene at room temperature are 1.0, 1.8, 


and 104 g in 100 g,respectively [9]. 
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_ layers is disturbed, and regions with different adsorption layers and hence differing in surface tension arise 


at the bubble surface. As a result, escape of the bubble may occur at indefinite and accidental values of ex- 
ternal pressure. 


at the hydrocarbon=water interface the measurement conditions are very different. Because of chain 
sarvedion and of the high mobility of the adsorbed molecules, surface micelle formation is prevented and the 
bubble is uniformly covered. 


It follows that, at the octane~water interface, adsorption layers of long-chain homologs of surface-active 
substances of any chain length are in a gaseous state (and not in a condensed state, as in monolayers on water 
surfaces), in harmony with their structure [4]. 


Whereas determinations of surface potential and of direct gradual adsorptional filling of the water=air 
interface [12] for monolayers of stearic acid give Sjq= 21— 23 A? for the minimum surface area per molecule 
for a saturated layer, the value for the adsorption layer at the octane solution~water interface is 30.7 A”, and 
the value for lauric acid is 31.0 A% It is known that these values are also characteristic for adsorption layers 
of the lower and intermediate water-soluble homologs of surface-active substances in aqueous media [3]. 


It is interesting to note that the molecular packing of the adsorption layer of oleic acid at saturation is 
more compact, andcorrespondsto Sjy ~ 24 A®, probably because of the higher energy of dispersion interaction 
of the hydrocarbon chains containing double bonds, as the result of which the solvation effect of the hydrocarbon 
solvent is greatly weakened. 


SUMMARY 


1. The surface activity of fatty acids, alcohols, amines, and other substances dissolved in formamide 
and in n-octane has been studied; it was found that these solvents differ considerably from water in a num- 
ber of adsorptinnal characteristics. 


2. The adsorption of surface-active substances in nonaqueous media is determined by the nature and 
energy of molecular interaction of the polar and nonpolar parts of the diphilic molecules with the correspond- 
ing groups in the solvent molecules. 


3. In polar formamide, the solvating effect of the solvent at the solution-vapor interface influences 
only the polar groups of the absorbed molecules; as in aqueous solutions, the surface activity is associated with 
the work of adsorption of the hydrocarbon chains, although its magnitude is less in this case. 


In hydrocarbon solvents, which do not contain dipoles, the surface activity at the water interface is large- 
ly determined by the work of adsorption of the functional groups, the influence of chain length being very weak. 
Here the unsaturated bonds must also be regarded as weak polar groups; this accounts for the much higher sur- 
face activity of unsaturated as compared with saturated compounds, and for the sharp differences in surface 
activity in adsorption of polar substances from paraffinic and aromatic hydrocarbons respectively. 


4, Solvation of the hydrocarbon chains of the adsorption layers by the solvent converts these chains 
into the gaseous state, with correspondingly less dense molecular packing, and prevents the formation of con- 
densed adsorption layers at the interface between two liquids. 
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GELATINIZED EMULSIONS 


16. THE INFLUENCE OF NEUTRAL INORGANIC SALTS ON EMULSIFICATION. 
ANTAGONISTIC EMULSIFIERS 


L. la. Kremnev 


The thickness of the protective adsorption-solvation layers which prevent droplet coalescence in emul- 
sions of maximum concentration first decreases with increase of emulsifier concentration in the dispersion med- 
ium, and then reaches a minimum and constant value in the high-concentration range. For example, in O/W 
emulsions with sodium oleate as emulsifier,the minimum layer thickness is 62, = 1-107? » (1); in W/O 
emulsions with the same emulsifier §¢; = 0.6 + 10-7 [2] (Fig. 1,a and b), When 63, is greater than écr 3 Y = 
= 64,/8¢cr > 1, an O/ W emulsion is formed; if y = § yor é 5a, < 1, the reverse emulsion is stabilized [3]. 

If an alkali soap is used as emulsifier, the latter condition is favored by introduction into the aqueous phase of 
neutral inorganic salts which do not react chemically with the emulsifier, Kremnev and Kuibina [3] also used 
this method for effecting phase reversal in less-concentrated emulsions (less than 74% by volume). 


Fig. 1. Variation of the thickness of protective layers Fig. 2. Variation of the thickness of protective 
with sodium oleate concentration in concentrated layers in direct and reverse concentrated emul- 
O/ W (a) and W/O (b) emulsions; a) Benzene as the sions with the NaCl concentration. 
disperse phase; b) 2N NaCl solution as the disperse 

phase. 


A noteworthy fact for which there is no satisfactory explanation is that, in a narrow range of electrolyte 
concentrations in water, stable emulsions are not formed at all. Neither is it clear how the type of emulsion 
formed is related to the salt concentration in the aqueous medium. Evidently, further investigation of the in- 
fluence of neutral salts on emulsification is required. We therefore studied concentrated emulsions with sod- 
ium oleate emulsifier, to which NaCl in a large range of concentrations was added (the nonaqueous liquid in 
the emulsions was benzene). The results of the § cr determinations are given in Fig. 2, the right-hand side of 
which contains data published earlier [2]. 


Figure 2 reveals 5 regions of NaCl concentrations, with different effects on emulsification and emulsion 
properties. The peculiar influence of NaCl is due to salting-out of the soap from the aqueous medium, which 
increases with increasing salt concentration (Fig. 3). The salted-out sodium oleate under these conditions acts 


as an oleophilic stabilizer for W/O emulsions. 
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It should be emphasized that when the soap is partially salted out, the system contains two emulsifiers 
simultaneously: oleophilic (salted out) and hydrophilic (dissolved in water) sodium oleate; the latter is capable 
as before of stabilizing O/ W emulsions. Antagonism arises between these two varieties of soap, of the same 
chemical composition and structure, because of their respective tendencies to convert benzene and water into 


the disperse phase of the emulsion. 


We assume that the emulsifying effects of the hydrophilic and oleophilic emulsifiers are mutually nulli- 
fied in equimolecular amounts, as the emulsion is stabilized by the formation of adsorption monolayers of 
of the soap. If this is so, only excess of hydrophilic or oleophilic stabilizer (above the amount neutralized) 
can exert emulsifying power, provided that its con- 
centration is sufficient for the formation of a stable 
emulsion; this determines the result of the emulsi- 
fication. The experimental confirmation of these 
views is provided by a closer scrutiny in Fig. 2. 


In Region I, at low salt concentrations (5 - 
+ 1074-1 - 1072.N), O/ W emulsions are formed, and 
the protective layers are of the same thickness as in 
emulsions with sodium oleate without added elec- 
trolyte: 6*,= 1+ 10"? w (Fig. 1,a). Under such 
conditions the soap is not salted out to any appreci- 
able extent (Fig. 3), so that §6&; remains constant, 
although the electrolyte added to the soap solution 
Fig. 3, Salting-out effect of NaCl on sodium oleate. compresses the diffuse layers in the surfaces of the 
benzene droplets. It is clear that, in agreement 
with Rebinder’s views [4], electrostatic repulsion of the diffuse layers is not an important factor in the stability 
of concentrated emulsions. 


In Region II, with increase of NaCl concentration, there is an increase of 6ér due to salting-out of the 
stabilizer. For example, 0.05 N NaCl solution salts-out 16% of the soap (Fig. 3), and an equal amount of hydro- 
philic sodium oleate in aqueous solution is antagonistic with respect to it. Consequently 32% of the total amount 
of soap in the system is devoid of emulsifying action. Above the amount so neutralized, the water contains an 
additional 68% of soap, and it is easy to show that only this amount can stabilize an O/ W emulsion. In these 
experiments (Regions I-III) 0.16 N sodium oleate solution was used; therefore the amount remaining in solution 
corresponds to 0.11 N sodium oleate. However, a sodium oleate solution of this concentration should stabilize 
an O/ W emulsion by means of protective layers 6¢,= 1.3. 107? » thick (Fig. 1,a). In fact, in the case of 
0.05 N NaCl solution (Fig. 2) 6%, has precisely this value: §{,=1.3-10-? gw; this confirms that only the 
hydrophilic soap present in excess above the amount exerting an antagonistic effect has emulsifying power. 
Satisfactory agreement of the values of §%, is also found for other salt concentrations. 


The concept of the antagonistic effect of the emulsifiers makes it quite clear why only unstable emul- 
sions are formed in Region II, For example, 0.2 N salt solution salts-out 45% of the soap (Fig. 3), and its emuk 
sifying action is neutralized by an equal amount of soap dissolved in water. This leaves 0.016 N sodium oleate 
solution, which, according to our experiments, cannot stabilize a direct concentrated emulsion. 


The antagonistic effect is especially prominent in the case of 0.25 N salt solution. At this concentration 
50% of the soap is salted out (Fig. 3); all the hydrophilic soap remaining in solution is used to neutralize it, 
and, as was found in our experiments, the formation of a stable emulsion becomes impossible. 


In the range of 0.25-0.3 N NaCl solutions, oleophilic sodium oleate begins to prodominate, but its ex- 
cess over the hydrophilic oleate is insufficient for the formation of a concentrated W/O emulsion, just as the 
formation of a stable O/ W emulsion is impossible at NaCl concentrations somewhat below 0.25 N (see above). 


Emulsifier antagonism also determines the course of the right-hand part of the curve in Fig. 2, which 
refers to concentrated W/O emulsions fortned at higher NaCl concentrations. 0.64 N sodium oleate solution 
was used for these experiments [2]. 
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At salt concentrations up to 1.8 N (Region IV), the oleophilic oleate increasingly predominates over the 
hydrophilic. For exam ple, 0.6 N NaCl solution salts-out 78% of the sodium oleate (Fig. 3). Consequently, 44% 
of the soap is involved in antagonistic action, while the 56% excess of oleophilic (salted-out) soap forms a 
0.36 N solution which should stabilize a concentrated reverse emulsion by means of protective layers of thick- 
ness $d} = 0.9- 107% pe (Fig. 1,b). It is seen in Fig. 2 that in presence of 0.6 N salt solution the reverse emul~ 
sion is stabilized by layers of just this thickness: on 700 10°? 1; this confirms that only the excess of oleo- 
philic stabilizer, after subtraction of the quantity acting antagonistically, has an emulsifying effect. The val- 
ues of § €y are also in satisfactory agreement for other salt concentrations. 


Finally, in Region V reverse concentrated emulsions continueto be formed, but the thickness of the protective 
layers remains constant at § = 0.6 - 10°" ». There is nothing unexpected in this, At high NaCl concentra- 
tions virtually all the sodium oleate is salted out of aqueous solution, and takes part in the stabilization of the 
reverse emulsions, However, at high soap concentrations §#, reaches precisely this minimum constant value: 
58 = 0.6 + 10°? 4 (Fig, 1,b). 


We must point out in conclusion that the questions considered above are not only of theoretical interest, 
but are of practical significance, for example, for the production of emulsions of water in organic binders used 
in road building. 

SUMMARY 


1. The action of a neutral salt on aqueous solutions of sodium oleate has been studied, and the conditions 
for formation of O/ W and W/O emulsions have been determined. 


2. The soap dissolved in water (hydrophilic emulsifier) and the salted-out soap (oleophilic emulsifier) 
have a mutually antagonistic effect. 


3. The emulsifying effects of the hydrophilic and the oleophilic sodium oleate neutralize each other 
in equivalent amounts. If a sufficient excess (over the amount neutralized) of one of these types of soap is 
present, it acts as an independent stabilizer of either an O/ W or a W/O-emulsion. 


The Lensoviet Technological Institute Received April 8, 1957 
Leningrad 
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THE INFLUENCE OF ETHYLENE GLYCOL ON THE COLLOIDAL PROPERTIES 


OF AQUEOUS SODIUM OLEATE SOLUTIONS 


A. I. Iurzhenko and G. F. Storozh 


It was showninthe preceding paper [1] that the turbidity of aqueous solutions of sodium oleate increases 
and passes through a maximum on addition of alcohols (methyl, ethyl, n-butyl, and isoamyl). The viscosity 
of the systems shows analogous changes. We attributed this effect of the alcohols to their dehydrating and dis- 
persing action on the soap micelles and molecules in solution. The present paper deals with a study of light 

scattering, viscosity, and electrical conductivity of aqueous 

Nrel sodium oleate solutions in presence of ethylene glycol. Our 
choice of ethylene glycol is relevant to determination of the 
influence of the number of hydroxyl groups in the alcohol 
molecule on the colloidal properties of the systems, 


The methods used for the synthesis of sodium oleate and 
measurements of light scattering and viscosity were described 
earlier [1]; these properties were studied in 0.05; 0.1; 0.2; 
0.3 and 0.5 M solutions of sodium oleate in glycol-water 
mixtures, The glycol concentrations are given in molar per- 
centages. All the determinations were performed at 254 0.1° 


Figure 1 shows that the relative viscosity of soap solu- 
tions varies in a definite manner with the glycol content. 
The viscosity of the soap solutions increases with increasing 
ethylene glycol content, passing through a maximum. The 
height of the maximum increases with the soap concentration. 
It is interesting to note that, irrespective of the sodium oleate 
concentration, there is an optimum concentration of ethylene 
glycol at which the viscosities of the solutions are at a maxi- 
mum. The maximum viscosities of the sodium oleate solutions 
correspond to 1.5 molar % of ethylene glycol. Similar results 
were obtained by Angelescu et al. [2] for the system sodium 
stearate~cresol- water, and also by Hyde et. al. [3]. Rebinder 
and Markina [4], in a study of the effect of organic additives 
on the structuromechanical properties of highly concentrated 
sodium oleate solutions, found that with polar additives, such as octyl alcohol, there is also a concentration 
optimum at which these properties of soap solutions are at their maximum values. 


7] 1 2molar %gly- 
col 


Fig. 1. Relative viscosity of aqueous glycol 
solutions of sodium oleate; 1) 0.05M; 2) 
0.1 M; 3)0.2M; 4) 0.3 M; 5) 0.5 Moleate, 


Curves for the variation of the relative viscosity of 0.1 M sodium oleate solution with the concentrations 
of ethanol and ethylene glycol respectively are compared in Fig. 2, a. It is seen that at low concentrations 
of the two alcohols the curves almost coincide. When the concentration of the additives reaches 0.9 molar %, 
the nrel— Calc curves diverge appreciably, and the maximum for the system sodium oleate~ethanol~water 
lies below the maximum for the system sodium oleate~glycol~water. Therefore,increase of the number of © 
hydroxyl groups in the alcohol molecule raises the viscosity maximum and shifts it in the direction of lower 
concentrations, although, as is clear from Fig. 2,b, aqueous glycol solutions have lower viscosities than aqueous 
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ethanol solutions. It may be noted that the viscosity of pure glycol is almost 17 times that of ethanol [5]. We 
attribute this action of glycol to the fact that its dehydrating power is greater than that of ethanol. 


1) 
195 rel 


1 2molary% 0 & 10 
Alcohol content Wt. % 


Fig, 2. Relative viscosities; a) 0.1 M aqueous alcohol solutions of 
sodium oleate: 1) with ethanol; 2) with ethylene glycol; b) Aqueous 
solutions of: 1) ethanol; 2) ethylene glycol. 


From 2.13 molar % of the alcohols in the solutions, the viscosity of the system sodium oleate~ethanol= 
water continues to decrease, whereas for the system sodium oleate~glycol—water it begins to increase. As al~ 
ready stated, in both cases dispersion of the soap micelles occurs, with formation of various complexes, such 
as 


x 
0 
DS 
aia) Fc sn ote HOH—CH, +Na C—CH,—...—CH,—CHs, 
ra i 
‘CHs—CH»—...... —CH,C Nat O 
Se H,CHOH.. 
O 
x 


which increase the total viscosity of the system in the range of glycol concentrations studied (X represents a 
molecule of alcohol or water). 


The results of the conductivity determinations are plotted in Fig. 3. It is seen that additions of ethylene 
giycol in general decrease the conductivity, and in the region of ethylene glycol concentration which corresponds 
to the viscosity maximum the decrease of conductivity is retarded considerably almost to zero. Similar results 
were obtained by Passinen and Ekvall [5] for the system sodium oleate-decanol- water. 


Figure 4 represents variations of the product 7 * «x with glycol concentration for 0.05, 0,1, and 0.2 
molar solutions of sodium oleate. It is clear from Fig. 4 that the n + Kx — Cglyc, Curves are analogous in form 
to the k —Cglyc curves. In our view, this confirms the hypothesis that, at low glycol concentrations, dehydra- 
tion and partial coalescence of the soap micelles takes place (at their exposed portions), and the charge on 
the particles therefore decreases. This corresponds to the initial viscosity decrease. In the region where the 
conductivity is approximately constant, further growth of the micelles is accompanied by some solvation by 
the glycol (with a viscosity increase). On further increase of the glycol concentration the colloidal solution 
is converted into a system containing particles of higher dispersity. 


The results of the light-scattering studies are plotted in Fig. 5. It is seen that small amounts of the 
glycol first decrease considerably the solution turbidity; the turbidity then passes to a maximum and decreases 
again with increase of the glycol content. The turbidity maximum corresponds to the shayp viscosity change; 
this is in agreement with the hypothesis that the first portions of glycol have a dehydrating effect. The solu- 
tion turbidity decreases with further increase of glycol concentration; this must be attributed to subsequent 
dispersion of the micelles. This conclusion is in harmony with the viscosity and conductivity data. 
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The soap concentration has a considerable influence on the turbidity of such systems. The turbidity maxi- 
mum decreases with increase of oleate concentration; this is evidently due to decreased hydrolysis of the soap 
on the one hand, and to changes of the micellar structure .on the other. 


To determine the influence of hydrolysis on the 
turbidity of sodium oleate solution, we also determine 
light scattering in such solutions in relation to the soap 
concentration with different alkali contents. The rt ~ cg) 
relationship is plotted in Fig. 6; it is seen that the 
turbidity decreases with increasing NaOH content, and 


qx-10" 


1 0 / 2 molar 
a t émalar % gly~ glyco 2 
Fig. 3. Conductivity of aqueous glycol solutions of Fig. 4. 1 +k —Cglyc curves for different sodium 
sodium oleate; 1) 0.05 M; 2) 0.1 M; 3) 0.2M; 4) oleate contents: 1) 0,05 M; 2) 0.2M; 3)0.3M 


0.3 M; 5) 0.5 M oleate. sodium oleate. 


when the alkali concentration reaches 0.0005 M the hydrolysis of the oleate is totally suppressed. It is seen 

in Fig. 6 (Curve 1) that appreciable hydrolysis of sodium oleate begins when the soap concentration falls be- 
low 0.0015 M. This value almost coincides with the critical concentration of micelle formation (CCM) for 

sodium oleate. Similar values were found by Flockhart and Graham [6] in conductivity determinations ..on 

aqueous sodium oleate solutions, and by other workers [7]. 


Variations of turbidity with sodium oleate concentration in presence of different amounts of ethanol and 
glycol are plotted in Fig. 7. It follows from Fig. 7 that in the concentration range studied these alcohols de~- 
crease the turbidity of the soap solutions without suppressing hydrolysis. Comparison of these curves with the 
curves in Fig. 6 shows that the alcohols have a similar effect to alkali on the turbidity of soap solutions. These 
curves have two concentration regions. The first region, with the higher turbidity maximum (the first maxi- 
mum is not shown in full in the graphs because the turbidities are very high), which probably corresponds to 
hydrolysis, corresponds to very low oleate concentrations. The second region, with a lower maximum, is found 
at higher soap concentrations. At oleate concentrations corresponding to the second maximum the micelles 
begin to aggregate, with resultant changes in their form. The oleate concentration corresponding to the bound- 
ary between these two regions, should be regarded, as stated earlier, as the critical concentration of micelle 
formation. 

Ekwall et al. [8] found an analogous relationship between turbidity and soap concentration in studies of 
light scattering in aqueous solutions of some salts of fatty acids in presence of decanol. These authors con- 
sider that the first boundary concentration (limiting association concentration - LAC), corresponds to the start 
of interaction between the soap molecules and the molecule of its related acid (formation of acid soaps), or 
molecules of decanol. 


It may benoted, however, that this first boundary concentration (like the first maximum) is found even 
in absence of additions (Curve 1 in Figs. 6 and 7). The above-named workers added excess alkali to the soap 
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nen Tt + 10%,cm7 


Moles oleate/ liter 


Fig. 6. Effect of concentration on the turbidity of 
alkaline sodium oleate solutions: 1) 0.0 M; 2) 
0.0002 M; 3) 0.0005 M; 4) 0.001 M NaOH. 


G : xs meres ‘pgly~ solutions to prevent hydrolysis. In such cases, as our 
J . ee : results show, critical effects are not found at all when 
Fig. 5. Light scattering in aqueous glycol solutions a definite NaOH concentration is reached (Fig, 6, 
of sodium oleate: 1) 0.05 M; 2) 0.1 M; 3) 0.2 M; : 7 ‘ ie 
4) 0.3 M; 5) 0.5 M oleate Curve 4). It is evident that when its related acid is 
pits ‘ q ; added to an alkaline soap solution the alkali concen- 


tration must be insufficient to suppress hydrolysis, owing to partial neutralization of this acid. Therefore, we 
consider that the definition of LAC is not very apt and to some extent even arbitrary. 


Neither do we agree with their definition [8] of the critical concentration of micelle formation (CCM). 
In their opinion,CCM is defined as the concentration at which micelle aggregation increases sharply (the maxi- 


7: 103,,cm™" 


2 


O° seme 


fp a cae ee G25 250—s«IS«o-10 
moles oleate/ liter moles oleate/ liter 


Fig. 7. Effect of concentration on the turbidity of sodium oleate solution (T - 
- 108cm™ along the ordinate axis) containing ethanol (a) and ethylene glycol 
(b): 1) 0%; 2) 1%; 3) 38%; 4) 7%; 5) 10%,by weight. 


mum of the second concentration region). We hold the opinion that the critical concentration of micelle 
formation is the concentration at which micelles begin to form. This concentration corresponds to the bound- 
ary between the two concentration regions. Below this boundary the equilibrium 


#RCOOH + yNaOH = «RCOONa + yH,0 2 (RCOONa) x(H20), 
is shifted to the left, and above it, to the right. 


With regard to the effect of alcohols on the critical concentrations of sodium oleate, our data show that 
these values decrease with increasing ethanol and glycol contents, owing to their partial dehydrating action. 
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SUMMARY 


1, The viscosities of aqueous sodium oleate solutions with different concentrations of ethylene glycol and 
soap were studied. 


It was found that the viscosity of the system passes through a maximum and then decreases with increas- 
ing glycol concentration. The position of the maximum corresponds to 1.5 molar % of glycol, irrespective of 
the oleate content. This effect must be attributed to a dual action of ethylene glycol ~ dehydrating and dispers- 
ing effects. The viscosity maximum increases with increasing soap concentration. Increase of the number of 
hydroxyl groups in the alcohol molecule increases the viscosity of the system, because of the greater dehydrat~ 
ing power, 


2. The turbidity of thesodium oleateglycol~ water system varies analogously to the viscosity, but the 
turbidity maximum is found at lower glycol concentrations, 


3. The conductivity of sodium oleate solutions decreases with increasing ethylene glycol concentration. 


4. Alcohols (ethanol and glycol), at the concentrations studied, like NaOH, lower the boundary concen- 
trations (critical concentrations of micelle formation) of sodium oleate. : 


The I. Franko University, Lvov Received December 24, 1957 
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FORMATION AND STABILITY OF METAL SOLS®* 


E. M. Natanson 


The disperse phases of many metal and alloy sols have extremely valuable catalytic, pyrophoric, lubri- 
cant, antidetonant, and ferromagnetic properties. For this reason they are coming into extensive use in chemi- 
cal industry, electrical and radio engineering, machine construction, and other branches of industry. Many 
urgent problems of modern technology involve detailed studies of the formation of the disperse phases of metal 
sols and determination of their stability; these questions are also of considerable scientific interest in general. 


The formation of colloidal metal particles is based on either of two principles: condensation of metal 
atoms to particles of colloidal size, or dispersion of particles of the given metal. 


These principles apply to the formation of colloidal particles of any substance, but they have their speci- 
fic features in relation to metals, in connection with the structure of the crystal lattice and the modern elec- 
tronic theory of metal structure. 


Metal sols are extremely unstable, and cannot be obtained in concentrations higher than 0.1-0.2% in ab- 
sence of stabilizers. Formation of concentrated and stable metal sols is possible only in the presence of stabiliz- 
ing compounds of high molecular weight. 


As the result of the researches of P. A. Rebinder and his school [1, 2] on the influence of adsorption layers 
on interaction of contacting phases in disperse systems and on the stabilization of such systems, it is now possi- 
ble to elucidate theoretically the extensive experimental data available on the formation of metal sols and 
their stability, and also to point the way to further research in this direction. 


An important defect of colloidochemical research into the production of metal sols by dispersion methods 
is lack of due attention to the mechanical properties and physical state of the metals undergoing dispersion. 
The plasticity and strength of the metal and the presence in it of microcrevices and various defects of crystal 
structure determine its resistance to destruction and have a decisive influence in dispersion processes. 


_ As disintegration proceeds, when the metal particles become of microscopic size and the specific sur- 
face is therefore very large, the predominant factor is hardness of the metal, characterized by the work of 
formation of unit new surface area [2]. The same applies to processes of fine grinding. 


The work of Rebinder and his school [2] has shown that the physicochemical nature of the medium in 
which the dispersion takes place can, as the result of adsorptional action, greatly facilitate the dispersion pro- 
cess (adsorptional lowering of strength as the result of decreased surface energy or the work of formation of 
new surfaces; this is often known as the Rebinder effect). 

These researches have provided new potentialities in the fields of dispersion and mechanical treatment 
of metals. 

The addition of surface~active substances which sharply lower the hardness of metals, i.e., facilitate 
their dispersion, to the liquids used in the dispersion process has a much more favorable effect on the forma- 
tion of colloidal particles than the use of the most advanced mechanical devices. 


Many years of experience in the use of the so-called colloid milis, of a great variety and of the most 
advanced design, have shown that these devices mainly produce highly disperse suspensions, and the yields of 
colloidal fractions are usually slight [3]. 


*Paper at the IVth All-Union Conference on Colloid Chemistry, Tbilisi, May 1958. 
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The possibility of metal dispersion by means of ultrasonic waves has been investigated by many workers [4]. 


It was found that pure metals in the form of macroscopic particles are not dispersed at all under the ac- 
tion of ultrasonic waves in liquid media. In general, only the oxide films, present on almost every metal sur- 
face, are dispersed in the process. The ultrasonic dispersion of metals at the instant of their liberation at the 
cathode has been studied in considerable detail [5]. Under such conditions, the cathodic deposits are disinte~ 
grated in the surrounding medium, forming highly disperse suspensions or unstable metal sols. 


A method worthy of special attention is the dispersion of certain metals, such as tungsten, molybdenum, 
zirconium, etc., by repeated consecutive treatments of coarse powders of these metals with solutions of various 


acids and bases [6]. 


Although this is a very old method, its mechanism still remains quite obscure; it involves not only pep~ 
tization, but also breakdown of the individual crystals formed as the result of the adsorptive action of the med- 
ium, in agreement with Rebinder’s theories [1]. 


For avoidance of oxidation, the formation of colloidal metal particles by this method must take place 
in an indifferent gas without access of oxygen. 


Our detailed experimental studies of the formation of colloidal metals by condensation methods have 
led to the following conclusions. 


1. The known electrical methods for the production of metal sols have a number of defects; consider- 
able oxidation of the colloidal metal particles, decomposition of the dispersion medium, and the impossibility 
of obtaining concentrated and stable sols in hydrocarbon media. Such methods are now used very little and are 
mainly of interest in relation to questions of techniques. 


2. Thermal methods for the production of sols by the simultaneous condensation of vapors of the metal 
and the dispersion médium are free from some of the above defects. However, at present these methods can 
be used only for the production of stable organosols of easily fusible metals such as mercury and the alkali 
metals. 


3. The production of metal sols by thermal dissociation of metal compounds, especially carbonyls, is 
now coming into use on the industrial scale, especially for the production of ferromagnetic colloidal metals = 
iron and nickel. 


4, Investigations of the possible formation of metal organosols by reduction of metal compounds in vari- 
ous organic media have so far not given positive results, as the metal sols obtained by this method are con- 
taminated with decomposition products of the dispersion medium. 


5. The formation of colloidal metals by reduction of ions by means of various organic reducing agents 
has long been known, but the process is used widely only for the production of hydrosols of platinum, gold, sil- 
ver, bismuth, and other metals which are readily reduced in aqueous media. 


6. The most general method is the electrolytic method, developed by us [7] in A. V. Dumanskii's labora- 
tory, for the formation of colloidal metal particles by cathodic reduction of the appropriate ions, followed by 
production of metal organosols. This method is based on the electrolytic liberation of metals from aqueous 
solutions of their salts, in the form of highly disperse cathodic deposits, which immediately enter the organic 
medium and are dispersed in it in presence of surface-active additives. 


The process is carried out in a two-layer bath. The lower layer consists of the electrolyte solution, while 
the upper layer is a dilute solution of a specially selected surface-active substance in a hydrocarbon medium. 
The anode is fixed, and is separated by a diaphragm from the disk-shaped cathode rotating at the interface. 
This method is of fairly universal applicability. With suitable choice of conditions, any metal can be obtained 
in the colloidal state by this method. 


The basic principles and the optimum conditions for the production of metal sols and alloys by this 
method are detailed in a number of published papers [7]. The process is now used industrially; the technolog- 
ical procedure, developed by us jointly with Barabash and Veneraki, is as follows (Fig. 1). 
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The principal apparatus is the electrolytic cell 1 with a rotating or rocking multidisk cathode. A 2-3% 


electrolyte solution is fed from the tank 3 through the valve 2 into the cell, and fills it to the level of the 
cathode shaft. The electrolyte solution is covered, from the tank 4, with the dispersion medium containing 
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~1% of oleic acid or other surface-active substance, 
in a layer 10-15 cm thick. 


The electrolysis is performed at 20-30° in the 
current density range 16-30 amp/dm?, usually until 
the metal concentration in the organosol reaches 5-7%. 
The sol is pumped by means of the pump 10 into the 
centrifuge 7 and the tank 5, where it is washed with 
distilled water to remove electrolyte impurities. The 
washed organosol passes into the electrically heated 
vessel 6, where it is left to settle and undergoes pre- 
liminary dehydration at a temperature not above 50°. 
The lower aqueous layer which forms as the result of 
demixing is carefully removed. The organosol after 
preliminary dehydration is passed into the vacuum drier 
8 in order to remove as much moisture as possible. The 
finished organosol is coliected in the tank 9. 


s 

Among the numerous factors which determine 
the size and structure of the colloidal particles formed 
by the electrolytic method, the most important are cath- 


ode polarization and current density. 


It must be noted that when the electrolysis is per- 


Fig. 1. Process for the production of metal organo- 
formed in a two-layer bath, the rotating cathode is con- 


sols. 


tinuously passivated, with a resultant considerable in- 


crease of cathode polarization. The curves obtained by Kozachek [8] for cathode polarization in the forma- 


tion of lead-tin alloy organosols are shown in Fig. 2. This effect favors the simultaneous deposition of differ- 
ent metals at the cathode, and the formation of the corresponding alloys. The production of colloidal organo- 
sols of lead=tin, nickel~chromium, and nickel=iron by this method is described in detail in our papers [9]. 
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Fig. 2. Cathode polarization curves for the formation of lead- 


tin alloy organosols. 
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It was found that if the colloidal particles of one of the alloy components are microdendritic in form, it 
is possible to use the electron microscope to follow the course of formation of the colloidal particles of the 
alloy in relation to the cathodic current density, electrolyte composition, electrolysis temperature, nature of 
the cathode and its rotation rate, and a number of other factors. 


It was found by x-ray investigations of the structure of the disperse phase in lead=tin and nickel-chrom- 
ium alloy organosols, obtained with different ratios of the alloy components in the aqueous layer of the bath 
and at different current densities, that alloys of a eutectic character are formed in the simultaneous deposition 


of lead and tin at the cathode from two-layer baths. 


Solid solutions are formed in the simultaneous deposition of nickel and chromium from ammonium tar- 
trate electrolytes from acid baths containing mixtures of nickel and chromium chlorides. 


Microcinematography of the formation of the disperse phase in organosols of lead~tin and other alloys un- 
der various electrolytic conditions in two-layer baths shows that at low voltages, from 0.9 to 1.5 volts, there 
is an initial delay, a sort of “induction period” of the electrocrystallization process [8], the duration of which 
depends mainly on the degree of passivation of the cathode surface, largely determined by the composition of 
the upper layer of the bath. 


The electrocapillary polarization effects studied by A. N. Frumkin and his associates [10] play a signi- 
ficant role in the mechanism of formation of metal and alloy colloidal particles by the electrolytic method; 
they determine the desorption of surface-active substances when the surface of the rotating cathode is in the 
aqueous layer of the bath, and readsorption of the same substances when the surface enters the organic layer. 
The ratio of the rates of these two processes largely determines the total fraction of the active cathode sutface, 
consisting of individual islets, not protected by layers of surface-active substances, at which the metal ions are 
discharged. 


The current density becomes particularly high at these regions, with a corresponding increase in the dis- 
charge rate of the metal ions, leading to the formation of very fine particles with a disordered structure. 


If surface-active substances are present in the hydrocarbon medium during the formation of these parti- 
cles, their surfaces become partially covered with water-repellent adsorption layers and the particles can thus 
be detached more readily from the cathode surface. This is not only the cause of the slight cohesion between 
the colloidal metal particles formed and the cathode surface, but it also protects the particles from mutual aggre- 
gation and to a considerable extent retards their oxidation. 


The nature of the bonding between the adsorbed surface-active substances and the surface of the colloidal 
particles, their interaction with the medium and with the macromolecules of the polymers used for stabiliza- 
tion of the sol, are very important factors in the stability of the metal sols. 


Our studies of the adsorption of surface-active substances on the surfaces of colloidal tungsten, molyb- 
denum, and zirconium particles formed in hydrocarbon media, and measurements of the heats of wetting of 
the disperse phases in metal organosols [11] are in full agreement with Rebinder's views [1] on the significance 
of chemical fixation of the adsorption layers for strong hydrophobization of the particle surfaces in the produc- 
tion of stable and concentrated sols. 


In fact, we were able to show that the surface-active substances used for stabilization of metal organo- 
sols in hydrocarbons media form chemically bonded adsorption layers on the particle surfaces. For example, 
cinchonine and quinine proved to be effective stabilizers for tungsten sols, o-hydroxyquinoline for molybdenum 
sols, and phenylhydrazine for zirconium sols. These substances are used in analytical chemistry for quantitative 
determination of tungsten, molybdenum, and zirconium,respectively, and form complex compounds with them. 


In view of the irreversibility of the adsorption, and of the high values of the molar heats of adsorption, 
of quinine, o-hydroxyquinoline, and phenylhydrazine on the surfaces of W, Mo, and Zr particles, there is reason 
to assume that surface compounds are formed on the oxidized surfaces of these particles: 


1) = W = O + 2CyqH4N202 + == W (CopHlagN0z2)2 + H20, 
2) == Mo = 0 + 2CyH,ON + =Mo (CyHgON), + HyO, 
3) == ZY = O +- Colls NH NH, > == Zr ( “6H 5 Ng Hs) 2 -b H,0. 
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The formation of chemically fixed adsorption layers on the surface of metallic sol particles determines 
their high lyophily toward hydrocarbon media, and is a necessary condition for the stability of such sols. For 
example, such hydrophobization of the metal particles in the formation of organosols decreases the hydrophily 
coefficient, calculated from heats of wetting, from 2.3 to 0.48 for tungsten and from 3.5 to 0.56 for molybdenum. 


; In additionto lyophilization, the presence of polymeric compounds is necessary for a sharp increase in 
the stability of metal organosols; this is in full agreement with Rebinder's view [1] of the structuromechanical 
barrier as a powerful factor in the stabilization of disperse systems. 


In this connection it is necessary to take into account that because of the high dispersity of the organo- 
sols only individual segments of the macromolecules are adsorbed on the surfaces of the colloidal metal parti- 
cles. Each macromolecule may be bound simultaneously to many colloidal metal particles, so leading to the 
formation of chainlike aggregates differing in shape and length in the dispersion medium. Colloidal metal 
particles also serve as junctions at which segments of different or the same molecules are linked together [12]. 
In organosols of this kind,the stabilized colloidal particles of the disperse phase are contained in the spatial 
network consisting of the macromolecules of the protective polymer. 


We have carried out, jointly with N. N. Kozachek, numerous investigations on the stability, structural 
viscosity, and structural strength of numerous metal and alloy organosols. It was found that metal sols with 
pronounced anomalous viscosity and yield stress are the most stable [13]. 


These views are also confirmed by the results of electron microscope studies of the disperse phase of 
tungsten organosols protected by means of.rubber. It was found that the colloidal particles in these systems 
are arranged in groups, and often form chains of various shapes and lengths. 


This mechanism of the protective action of polymers on metal sols has not only been established experi- 
mentally, but has also to some extent been justified theoretically by Simha, Frisch, and Eirich [14]. As a re- 
sult of statistical analysis of the adsorption of flexible macromolecules, they concluded that only a4 certain 
proportion of the total segments in the macromolecule is adsorbed on the surface of the colloidal particles. 


It must also be pointed out that in recent years similar views on adsorptional interaction between lyopho- 
bic colloidal particles and polymer macromolecules have been put forward by Heller et al. [15], who consider 
that this type of interaction in the system gives rise to the so-called “steric protection." 


The extensive factual material accumulated in the course of several decades shows that a very signifi- 
cant and universal criterion of hydrosol and organosol stability is the presence: of structurized adsorption~solva- 
tion layers on colloidal particle surfaces, irrespective of the mechanism by which they are formed on these 
surfaces. In the case of very stable concentrated sols, especially metal organosols, the formation of lyophiliz- 
ing adsorption layers is always accompanied by the developm ent of a spatial structure in the entire system, be- 
cause of the inevitable presence of a suitable polymer as an additional stabilizer. 


SUMMARY 


1. Consideration of various methods for the preparation of metal organosols shows that the most general, 
convenient, and technically suitable method is by formation of the colloidal metal particles by electrolysis 
at a rotating cathode, with continuous transfer of the particles into an organic medium in contact with the 


electrolyte. 
2. Stabilization of the metal particles in the resultant organosol, to virtually the maximum possible 
stability, is effected by the simultaneous action of two types of stabilizers: 


a) hydrophobizing ("carbophilizing") surface-active substances, which are fixed chemically when ad- 
sorbed on the metal particle surfaces covered with oxide films: 


b) polymess, which form loose spatial strructures throughout the sol volume, the colloidal metal particles 
being included in the form of junctions in the network. 
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PHYSICOCHEMICAL PRINCIPLES OF THE REGULATION OF MECHANICAL 
PROPERTIES OF THE STRUCTURES IN CLAY—WATER SYSTEMS 


N. N. Serb-Serbina 


The work of P. A. Rebinder and his associates [1] has shown that clay dispersions in water, with various 
clay contents (from highly concentrated clay pastes, made by the grinding of clays with the minimum amounts 
of water, down to dilute suspensions) form coagulation structures — spatial networks of varying strength. All 
the mechanical properties of these coagulation structures, and their thixotropy, i.e., the reversible breakdown 
of the structure and its gradual restoration, are determined by the fact that the clay particles are always separated 
by thin residual layers of the aqueous. medium at the points of contact. The van der Waals forces of molecular 
attraction, greatly weakened by distance, act through these layers. These forces determine the strength of the 
coagulation structures, which is much less than the maximum strength attained at the same density (weight 
per unit volume) with direct cohesion of the particles at all the points of contact, as in the concretion of fine 
crystals in the formation of a crystallization structure when a new solid phase crystallizes from an undercooled 
melt or supersaturated solution. The residual aqueous layers at the points of contact between the particles form- 
ing a coagulation structure also serves. as lubricating layers and thereby determinesthe relative mobility of the 
individual structural elements — the ability of the structure to withstand considerable residual deformations with- 
out loss of continuity and its plasticity and creep,even at very low shear stresses [2]. 


In addition to the plasticity and thixotropy, i.e., the reversible restoration after breakdown, of these co- 
agulation structures, another remarkable feature is their peculiar high elasticity, similar to that found in flexi- 
ble-chain polymers and their solutions. Such shear deformations, which develop slowly and slowly disappear 
after removal of the load, and which are reversible in magnitude, are characteristic not of the particles them- 
selves, which are rigid microcrystals, but of the spatial network formed by them, with liquid interlayers at the 
points of contact. The kinetics of the elastic aftereffect, i.e., the development of retarded elastic deformation 
at constant shear stress and its decrease after removal of the stress, is represented in Fig. 1; it is seen that the 
equilibrium shear modulus is roughly ¥/, of the nominal-instantaneous modulus. 


The presence of the lbricating aqueous interlayers also accounts for the steady creep found by Abduragi- 
mova [2] in coagulation structures, of maximum thixotropic buildup, in dilute aqueous bentonite suspensions 
in the region of very .low constant shear stresses; the flow is unaccompanied by any appreciable breakdown 
of the structure (see Curve 1, Fig. 2). 


For example, in the case of a 10% suspension of Oglanli’ bentonite (with a small admixture of alkaline- 
earth carbonates), the maximum viscosity of the virtually intact structure (yp = 107 poises) is 10° times the 
minimum viscosity of the structure at maximum breakdown (np = 0.1 poise). Therefore the stress region be- 
low the nominal flow limit (strength limit) is the region in which such a virtually intact structure behaves like 
an elastic solid. Over a relatively narrow stress range, near the flow limit, further increase of the shear stress 
or, what is the same thing, of rate of shear in steady flow, produces a sharp decrease of viscosity by 7-8 orders 
of magnitude, corresponding to sudden breakdown of the structure. 


It has been shown by Gor'kova [3] that the ratio of the two constant viscosities No/ Nm = Y, i-e-, the 
viscosity ratio of the virtually intact structure and the structure at maximum breakdown, together with the 
kinetic characteristics of thixotropic buildup (i.e., the variation of the limiting shear stress, regarded as the 
strength of the structure, with the time of its restoration), are adequate for the complete characterization of 
the stability of clays and soils to water and mechanical destruction. 


*Transliteration of Russian — Publisher's note. 
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The strength of the coagulation structures formed in dilute suspensions is determined by the number of 
points of cohesive contact or by the number of free particles formed in the spontaneous dispersion of the clay, 
i.e., in the disruption of the larger particles in peptization by water, Moreover, the structural strength decreases 
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Fig. 1. Deformation kinetics of thixotropically rein- 


forced aqueous suspensions of Oglanli bentonite (€ , T) 


at constant load (P = const) and after removal of the 
load; 1) 10% natural bentonite, sample 1, at P= 13 
dynes « cm"; 2) ditto, sample 2, at P = 100 dynes - 
-cm7?; 3) 45% Ga-bentonite at P = 1080 dynes - cm™ 
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(for a constant number of contacts or constant contact 
area) with increasing thickness of the water interlayer, 
i.e., with increasing thickness of the diffuse layer of the 
ionic double layer. Thisis of particular significance in 
compact structures of pastes with high clay contents, 
where considerable contact areas arise at cleavage planes 
‘carrying exchange cations. 


In such pastes the character of the structure re~ 
mains unchanged while the strength characteristics 
decrease continuously (very rapidly at first) with in- 
crease of moisture content of specimens initially of 
maximum density, carefully dried to constant weight, 
of maximum “stonelike” strength (for example, of the 
order of hundreds of kg per cm? in uniaxial com- 
pression). This strength decrease is an adsorption 
effect, and is caused by the formation, two-dimen- 
sional extension (surface diffusion), and thickening 
of the aqueous layers between the clay particles. 


On the other hand, the main factor which determines the mechanical properties of the structure in dilute 
suspensions is the number of contacts per unit volume, ny (or per unit surface, ny $), as the nature of the con- 
tacts of the apex-apex, apex-edge, or edge~edge types may be independent, over a fairly wide range, of the 
composition of the cation-exchange complex, i.e., of the degree of hydration of the cleavage planes. 


The maximum diffuse ionic layers, of the greatest thickness, are formed at the cleavage planes if all the 
cations are replaced by univalent cations (Na, Li), in absence of excess (especially multivalent) ions in the 
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Fig. 2. Viscosity of 10% (in centipoises, below) and 
20% (in poises, above) aqueous suspensions of Oglanli 
bentonite as.a function of the shear stress (7, P). 


aqueous medium. Such layers stabilize these sur- 
faces, and prevent compact coagulation of the par- 
ticles at them not only by mutual repulsion of sim- 
ilarly~charged counter ion atmospheres (the disjoin- 
ing action of the ionic layers, in Deriagin's termin- 
ology) but also because of the high hydrophily, i.e. , 
very low surface tension at the external surface of the 
clay particle lyospheres (in this instance the two ef- 
fects are intimately associated). However, as the 
clay content increases (with increase of the density 
of the structure) and the surfaces approach closer 
together, coagulative cohesion begins, with forma- 
tion of a residual quasi-equilibrium interlayer; as 
this becomes thinner, the strength and density of the 
structure in the mass continuously increases. The 
plastic and high-elastic properties of such pastes 
still remain pronounced, and disappear only after 
complete drying, when (as in lL. M. Gor*kova's experi- 
ments) the compact structure is no longer coagula- 
tional and acquires a condensational character, ap- 
proaching crystallization structures. This means 
that direct contact is established between the parti- 


cles over quite considerable regions of the surface; this corresponds to maximum strength and brittle destruc- 


tion. 


The interaction between water and the solid phase in clay—water systems is extremely 1m portant. Vari- 
ous contradictory views exist on this object. In relatity, the bound water (apart from water of constitution, bound 
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in the crystal lattice), is the absorbed water of the first monomolecular layer; this has been evaluated correctly 
from the heats of wetting by Ovcharenko [4], In general, the only true criterion of the bound state of water is 
the value of the free binding energy. The water of the diffuse double ionic layers, which forms the so-called 
hydration hull, is very weakly bound or virtually free. Water immobilized in the coagulation structure is also 
free; although it is displaced with difficulty because of the high dispersity of such structures, In hydrophobic 
suspensions in which coagulation is compact, with formation of large aggre- 
gates which do not give rise to thixotropic structures, the amount of im-~ 
mobilized water is relatively small. With more hydrophilic disperse 
phases, which include clays, especially of the montmorillonite type, it 
increases as shown schematically in Fig. 3, because of the abrupt increase 
of the number of particles in the transition from compact coagulation to 
the continuous coagulation structure of a gel. It is known [4] that Ca- 
bentonites bind water more strongly than Na=bentonites, being more hydro- 
philic,as shown by the magnitude of the binding energy, i.e., by the heats 
of wetting. However, their diffuse double layers are not as thick as in Na- 
bentonites, and therefore peptization of their particles does not occur and 
they undergo compact coagulation through very thin water interlayers. This 
means that in this case also,all the available clay surface interacts with 
water, but this interaction is not accompanied by liberation of the particles 
and a consequent increase of their number per unit volume, as is the case 
with Na~bentonite. In this last instance,the particles are bound together 
much more weakly at the points of contact, and are linked by their corners 
and edges and not by planes covered with cations, but their number, and 
therefore the number of contact points, is considerably larger. At the limit, when the exchange ions have been 
completely replaced by Na, the diffuse ionic layers are so extensively developed that the peptization of the 
particles, and their stabilization in dilute suspensions, are complete, i.e., the strength of the structure in such 
suspensions falls to zero, and the thixotropic properties of the system become weak (Fig. 4). Such a suspension 
of Na~bentonite becomes, instead of a solidlike structurized system, a highly viscous, almost structureless liquid, 
the viscosity of which is much higher than that of water because of the considerable filling of the volume (by 
the Einstein theory) with a large number of free particles surrounded by extensive ionic layers or hydration hulls. 


Fig. 3. Relationship between the 
amount of immobilized water (m) 
in aqueous highly disperse clay 
suspensions, and the molecular 
nature of their particles (H is an 
arbitrary measure of hydrophily). 


Li-bentonite is even more hydrophilic than Na-bentonite, and re- 
sembles Ca=bentonite because of the high hydration of the Li ions. How- 
ever, as these ions are univalent, the diffuse layers on the surface of Li- 
bentonite particles are as extensive as in Na-bentonite; this leads to total 
peptization and coagulation-structure formation in dilute suspensions at 
intermediate degrees of substitution. In concentrated suspensions or pastes, 
however, complete substitution by Li or Na does not prevent the formation 
of strong structures, such as are formed, for example, in gradual and regular 
evaporation of water; i,e., it does not prevent a decrease in the thickness 
of the layers at all points of contact between the particles. On the con- 
trary, the structures so formed are the strongest because of the maximum 
cohesion at the greatest proximity of the particles, i.e., at the highest 
packing density. However, these strong structures are completely devoid 
of resistance to water, and are readily broken down when soaked. 
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As an example of such modification of the strength properties of clay pastes and suspensions,we may quote 
the results obtained by ChiangLunginour laboratory, in a study of the effects of humus substances and electrolytes 
on these systems. He studied the variations of structural strength and the invariant characteristics of the struc~- 
ture as a function of the concentration of humates from brown coal in alkaline coal reagent (ACR) relative to 
the amount of solid phase, and established the existence of three qualitatively distinct regions: I, the region 
of slight strength decrease, when the concentration of Na humates does not exceed 0.01-1% relative to the solid 
phase; IL, the strengthening region with a sharp maximum in the range of Na humate concentrations from 2 to 
6%; and Ill, the region of a sharp decrease of strength when the Na humate concentration exceeds 9% The 
probable explanation of this result is that at low concentrations of Na humates, far from saturation of the ad- 
sorption layer, the humates exert a flocculant effect and decrease somewhat the strength of the coagulation 
sttucture; at higher concentrations the strength and viscosity of the coagulation structure increase owing to the 
stabilizing action of the micellar adsorption layer of humate, in which part of the Nat is exchanged for Catt 
from the bentonite exchange complex, so that the surface layer is in the nature of a mosaic. At high concen- 
trations of Na humates,the bentonite is peptized and stabilized, and at the same time their particles themselves 
assist the development of a coagulation humate structure which develops in the dispersion medium. 


The rheological characteristics of these systems change accordingly. The thixotropically reinforced sys- 
tems in the first two regions exhibit the highest creep viscosity, of the order of 104% poises and over, over a 
very considerable range of shear stresses. In the third region, at high ACR concentrations, the rheological curve 
changes sharply, and reveals structural breakdown with a decrease of the effective viscosity from 10” to 10° 
poises and less, over a narrow range of relatively low shear stresses. In this case the elasticity of the system 
[2] increases from 0.4-0,5 to 0.7 at sufficiently high absolute values of the shear modulus. 


SUMMARY 


1. Aqueous dispersions (pastes and suspensions) of clay form coagulation network structures varying in 
strength according to the number of free particles per unit volume and the cohesion of the particles through 
residual thin layers of the aqueous phase, These structures, in addition to their plasticity and thixotropy, have 
well-defined retarded elasticity ~ peculiar high-elastic properties characteristic of the spatial coagulation net- 
work rather than of the clay particles themselves, 


2. The presence of thin aqueous interlayers at the points of contact between the clay particles also de- 
termines the steady-state creep of these systems, virtually unaccompanied by residual breakdown of the struc- 
ture in the region of relatively low shear stresses. The maximum viscosity of the virtually intact structure is 
5-9 orders of magnitude greater than the effective viscosity when the structure-is broken down to the limit at 
sufficiently high shear stresses (velocity gradients). 


3. The effect of the composition of the exchange complex on the strength characteristics of the structures 
has been demonstrated intthe case of bentonite suspensions. It was found that the strength maximum for Oglanli 
bentonite suspensions lies in the range of 50-75% substitution of the exchange cations by Na’, 


4. The structuromechanical properties of clay suspensions can be regulated within wide limits by con- 
trol of peptization, spontaneous dispersion, and coagulative cohesion by the introduction of various electrolytes, 
surface~active substances, or protective colloids. For example, by variations of the amount of sodium humate 
(ACR) added,it is possible to effect either liquefaction or fairly effective reinforcement of structure in clay 
dispersions in water. 


I offer mny deep gratitude to P, A. Rebinder for his general guidance of these researches for mamy years. 
Institute of Physical Chemistry, Academy of Sciences USSR Received June 20, 1958 
Division of Disperse Systems 
Moscow 
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RHEOLOGICAL INVESTIGATION OF STRUCTURIZED SUSPENSIONS OF 


ASKANGEL AND SOME OF ITS DERIVATIVES 


O. M. Mdivnishvili and G. V. Vinogradov 


During the past 10 or 15 years P. A. Rebinder, K. F. Zhigach, and their associates [1-3] have carried out 
extensive investigations on clay suspensions and pastes, and have elucidated many important characteristics of 
their mechanical properties. However, up to the present not enough attention has been paid to the influence of 
the nature of the cations present in the exchange complex of clay minerals of the montomorillonite type on the 
mechanical properties of their suspensions and pastes, or to the distinction between this question and the ques- 
tion of the coagulant action of added electrolytes. Comparisons of the properties of systems broken down to their 
limits and of systems of the same nature, but with a strongly developed structure, should also prove informative. 
An allied problem is determination of the thickening action of the disperse phase at different concentrations in 
relation to difference in the nature of the exchange cations, etc., apart from the influence of anomalous viscos- 
ity. It is of great interest to correlate the thixotropic properties of such systems with their strength characteristics, 
especially as in such investigations it is possible to approach the problem with the aid of methods developed re- 


cently by Soviet investigators for systems of a different type. 


The experiments here described were performed at room temperature in a rotational elastoviscosimeter 
with concentric cylinders, at stressheterogeneity of ~10% The instrument used was the type described previous- 
ly [4]. The rates of load were in the range of 3.9 x1075— 7.0 x Lowe's cm72+ second=!. 


The materials studied were aqueous suspensions and pastes of askangel, and aqueous systems prepared from 
askangel, by the Gedroits method, by the treatment of monosubstituted Na-, Ca-, and Al-bentonitesand of mixed 
Na-, Ca-bentonites with NaCl, CaCl,, and AlCl3 solutions. Suspensions of all these derivatives were made from 
askangel suspensions which did not pass through the stage of total drying. This resulted in better peptization of 
the specimens. Details of the exchange complex of askangel and its monosubstituted derivatives are given in 


the table. 


Composition of Bentonite Exchange Complexes * 


~ Soluble salts 


| 


|Composition of « exchange complex 


Sy i ; i: 
Specimen O00 
Sd « Na! Catt Mg*+ | Alt+ 1 Nat Catt | Mgtt Wer 
, wo 
esting 4 ated einiee tt tucks 1ilcchesiot wake mele Reesdlcits Jal epee 
Askangel 82 47 28 7 ee 26 3 a = 
Na-bentonite 82 77 5 = a = pate ae won a 
Ca~bentonite 82 8 74 = 5 = LES = is it; 
82 = 5 bg 70 8 pe £ = 19 


Al-bentonite 


The yield values (Ty) of the systems were determined as the maximum values of the shear stress (T) on 
T—y curves, determined after prolonged breakdown of the systems at high velocity gradients (D), when the 
minimum viscosity of the structures broken down to the limit (Nmir 3 reached, and also after prolonged rest 


of such structures. 


«All numerical values are given in meq per 100 g of bentonite. 


In contrast to the tT — y curves for askangel pastes and suspensions of the type well-known in the litera- 
ture. in the case of Na-bentonite the values of Typ are found to be close to the equilibrium shear stresses (T e) 
feached at high values of y in expetiments on the determination of t~-Y curves at continuously increaseing 
shear stresses [5]. The r-y curves in Fig. 1, for specimens not previously tested and kept for a long time at 
rest before the experiments, show. that as the concen- 
tration (c) of the bentonite increases, the monotonic 
te/cm? curves pass into smooth curves with distinct maxima 
(at c = 8-9%), while at still higher concentrations 
(c > 10%) the curves have breaks which mark the bound~ 
ary between the region of elastic deformation and the 
regions of structural breakdown and viscous flow. 


At low concentrations, aqueous Na-bentonite sys 
tems are fairly well-peptized systems with low Typ. 
Much higher strength at low concentrations is found for 
suspensions of native askangel, which has a considerable 
content of calcium ions (over 40%) in its exchange com- 
Fig. 1. Shear stress-deformation curves for Na~ben- plex, and a certain amount of electrolyte in the dispersion 
tonite suspensions; contents of Na~bentonite; 1) 4%; medium, causing partial coagulation in the system. 


2 ; ; 4) 10%; 5; 11. , 
en oi BE RT Dahl 8 ee When coagulation occurs, the primary particles, 


which were hitherto kinetically independent, form aggregates (which we shall term secondary particles); these, 
in their turn, interact and participate in the formation of a three-dimensional structure in the disperse system. 
It may be assumed that the average bond strength between the aggregates may be less than their own structural 
strength. The shear strength of the system should decrease with increasing compactness of the structure of the 
secondary particles and with decrease of their concentration in the system (for a given weight concentration of 
the disperse phase). The shear strength of coagulation structures should increase with increasing concentration 
of the primary particles and the extent of their aggregation. At the same time, the greater the spatial homo- 
geneity of the bonds between these particles, the higher this strength should be. The greatest shear strength 
should be found in coagulation structures with the least variations between the packing density of the primary 
particles in the individual aggregates and the aggregates in the three-dimensional structural network embrac- 
ing the whole system. Thus, in Na-bentonite, with a low content of Ca ions in the exchange complex, Ty in- 
creases particularly rapidly with increasing concentration of the disperse phase, as the condition of maximum 
spatial homogeneity of the structure should be satisfied in this case. In contrast, Ca~ and Al«bentonite pastes 
and suspensions are coagulation structures in which the density of the primary-particles aggregates is high, i.e., 
the number of secondary particles per unit volume is relatively low, and the bonds between them are therefore 
easily broken by small shear stresses. Ca~ and Al-bentonite pastes, not previously subjected to mechanical 
breakdown, give T - y curves with relatively weak maxima or inflection points similar tothose in Fig. 1 for con- 
centrated aqueous Na~bentonite pastes. 


The foregoing accounts for the peculiarities on the shear strength—concentration curves in Fig. 2. Here 
Fig. 2, a refers to systems after prolonged rest and not tested previously; Fig, 2,b represents systems tested im- 
mediately after maximum breakdown, 


In the studies of thixotropic structure formation in aqueous suspensions and pastes of bentonites,the sys- 
tems were previously broken down to the limit in a uniform stress field in a rotational viscosimeter. This re- 
sults in strictly uniform mechanical treatment of all the systems, which cannot be achieved with such prepara- 
tion methods, commonly used, as grinding, stirring, etc., followed by charging of the system into the apparatus, 
After maximum breakdown, the values of T,, were determined as a function of time. Systems containing 
askangel and Na~bentonite showed rapid restoration of structure. In relatively dilute pastes of Ca~ and Alrben- 
tonites (containing about 8% of the solid phase), maximum breakdown was followed by appreciable decrease 
of Tm, because of settling of the disperse-phase particles. In more highly concentrated Ca~bentonite pastes, 
the shear strength did not change with time. Concentrated Al-bentonite pastes showed some increase of Tm 
with time. However, the substitution of the exchange ions by Al ions in Al~bentonite is incomplete, and it 
is not quite free from hydrogen ions (see table). 
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Fig. 2. Effect of concentration of yield value; a) suspensions of askangel and its mono- 
substituted derivatives, left at rest for a long time after preparation; b) suspensions of 
askangel and its monosubstituted derivatives, after maximum breakdown; 1) Na~ben- 
tonite; 2) askangel; 3) Ca-bentonite; 4) Al-bentonite. 


In connection with the influence of the nature of the ions in the exchange complex on the mechanical 
properties of bentonite pastes and suspensions, the relationship between these properties and the ratio of the 
amounts of Na and Ca ions in the exchange complex is of interest. Typical results for 8% bentonite suspension 
are given in Fig. 3. Here the composition of the exchange complex is taken along the abscissa axis, while the 
ordinates of the left give values of Tm, Te, and T,,, (residual shear stress). The ordinates on the right corres- 
pond to values of AT = Ty%— To, Where Ty is the shear strength of the systems determined 24 hours after maxi- 
mum breakdown. The values of Ar represent the tendency of the systems to thixotropic restoration. Thediver- 
gence of the maxima on the A T— concentration curves from the maxima on the curves for Ty), Te, and Tres 


2 
Tm &§ Am A 
10,10 N min Poises 
70 
0,08 
5,0 
0,06 50 
0.04 uf 
30 
0,02 
20 
~~ 80 108 %,Ca e 
20 0 %Na 0 4 8 12 16 20 6% 
Fig. 3. Variations of yield value (1), equilibrium Fig, 4, Effect of concentration on the viscosity of 
shear stress (2) residual shear stress (3), and 24-hour systems after maximum breakdown: 1) Na~bentonite; 
increase of yield value in structures after maximum 2) askangel; 3) Ca-bentonite; 4) Al-bentonite. 


breakdown (4) with the Na~Ca ion ratio.in 8% ben~ 
tonite suspension. 


as functions of concentration is due to the fact that 
the highest structural strengths under these conditions 
correspond to maximum structure formation, which hinders the thixotropic restoration of the systems. At the 
same time, it is clear from Fig. 3 that in the region of maximum values of Tm and Te their difference is 
least; the difference increases with increase of c, reaches a maximum, then decreases again. It is easy to 
show from the data in Fig, 3 that the maximum values of AT and Tr — Te correspond to the same region of 
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the Na—Ca ion ration in the exchange complex. This is in agreement with Trapeznikov’s [6] views in relation 
to fluid systems (in the usual terminology for non-Newtonian liquids); namely, that the value of T,,~— Te, 
which determines the breakdown of the systems in the course of deformation under continuously increasing 
shear stress, also characterizes the tendency of these systems to thixotropic transformations. Hence the results 
of the present investigation can be used to extend Trapeznikov"s views to plastic disperse systems. 


In studies of the viscous properties of these systems, the variation of the effective viscosity (mn eff) with 
D was first determined, and the ascending branch of the viscosity curve was thus found; D was then decreased 
and the descending branch of the viscosity curve was obtained. It was found that in test under conditions of 
nearly uniform stress at all the above concentrations, maximum breakdown and hence 7 pip are reached at D 
of the order of 200-300 seconds™}. 


For dilute askangel systems, the ascending and descending branches of the neff— D curves coincide. As 
the concentration increases, hysteresis loops appear, due to the fact that restoration of structure is more difficult 
at high concentrations of the disperse phase, and therefore at high viscosities. In Na~bentonites hysteresis ef- 
fects are found at low concentrations, while the ascending and descending branches of the neff— D curves tend 
to coincide at higher concentrations. These viscosity characteristics of Na bentonites are the consequence of 
the relatively low rate of structure formation in dilute systems. The most pronounced hysteresis loops are found 
for concentrated Ca~ and Al~bentonite pastes. 


The nmin~@ ¢ relationships for different systems are plotted in Fig. 4 in the form of broken straight lines. 
The breaks correspond to the critical concentrations at which n pin begins to depend to a much greater extent 
onc; this occurs when the relative volume filled by the particles of the disperse phase is such that the particles 
can remain in continuous contact in a flowing system after maximum breakdown. 


Comparison of the nmin ¢ and Tm-—c curves leads to the important conclusion that there is a quali- 
tative correspondence between the structure~formation conditions and the strength and viscosity properties re- 
spectively. This is particularly noteworthy because the shear strength limits are close to the characteristics of 
structure formation in static conditions, whereas the viscosity of a structure after maximum breakdown is its 
typical dynamic characteristic. Thisleads to the interesting possibility that the structure-forming tendency of 
the disperse phase in a clay suspension can be evaluated from the Newtonian viscosity determined at sufficient- 
ly high deformation rates. 


SUMMARY 


1. Suspensions and pastes of askangel, its monosubstituted Na~, Ca~, and Al-derivatives, and mixed Na-, 
Ca~bentonites were studied at room temperature by means of a rotational elastoviscosimeter in a uniform shear 
stress field. 


2. The shear stress—deformation curves for these systems exhibit some characteristic features. The most 
pronounced maxima, and the greatest differences between the yield values and equilibrium shear stresses cor- 
responding to steady flow, are found for askangel and disubstituted Na~, Ca-bentonites with Na and Ca ions in 
4:1 ratio. When concentrated pastes of Ca- and Al-bentonites, not previously subjected to mechanical break- 
down, are deformed to maximum breakdown, the yield values decrease irreversibly. 


3. The greatest power of thixotropic restoration in bentonites containing Ca and Na ions in the exchange 
complex is found at a degree of coagulation higher than that corresponding to their maximum shear strength. 
For plastic disperse systems this greatest power of thixotropic restoration corresponds to the maximum difference 
between the yield value and the equilibrium shear stress. 


4, Maximum breakdown in flow is readily attained in all the systems studied. The viscosity-concen- 
tration relationships for systems after maximum breakdown are represented by intersecting straight lines. The 
points of intersection evidently correspond to critical concentrations of the disperse phase above which the 
particles are in continuous contact. 


5. A qualitative correlation has been established between the strength properties of systems after prolonged 
rest and their viscosity properties after maximum breakdown. 


The Caucasian Institute of Mineral Received April 10, 1957 
Raw Materials 
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PHYSICOCHEMICAL MECHANICS OF DISPERSE SYSTEMS IN 
CERAMIC TECHNOLOGY * 


S. P. Nichiporenko 


Hitherto,it has not been possible to evaluate the suitability of ceramic bodies ~ concentrated dispersions 
of clays in water — for plastic handling and forming, to determine the optimum process parameters and the 
quality of the treatment, and hence to select the appropriate processing and forming equipment and to design 
the production line on a rational basis, 


However, the fundamental principles of physicochemical mechanics of disperse systems, developed by 
Rebinder and his school [1~14], can besuccessfully applied to the development of a theoretical basis for the 
plastic processing and forming of ceramic bodies. 


According to Rebinder's concepts, the technological properties of structurized dispersion, which include 
ceramic bodies, are primarily characterized by their structuromechanical properties; their capacity to exhibit 
both retarded~elastic (high-elastic) deformations, reversible in magnitude, which have been discovered in such 
systems by the Rebinder school [4, 11], and also residual deformations, The strength and elasticoviscous proper- 
ties of ceramic bodies determine the nature of the deformation and breakdown processes which occur in these 
disperse structures. 


These concepts, and some very effective investigation methods, have provided the basis for a study of 
the structuromechanical properties of ceramic bodies over a wide range of shear stresses, carried out in order 
to establish the theoretical principles of the plastic processing and forming of ceramic bodies. 


Plastic strength of ceramic bodies. Determinations of plastic strength by the cone-plastometer method 
[5, 6] showed that when a cone is immersed in a ceramic mass, the mass undergoes plastic flow, and that con- 
stant values are obtained in determinations of yield values with cones of vertical angles 30 to 60°, over a wide 
range of loads. 


- Investigations of the relationship between yield value and the moisture content of ceramic bodies (Fig. 1) 
provided the basis for a method of determination of the principal parameters of the forming process ~ the opti- 
mum moisture content and its permissible limits [15, 16]. 


In this method, the optimum moisture content is determined by average pressure (2 kg/ em?) exerted on 
the mass in the band press [17], and is calculated directly from the yield value~moisture content (Py — C) 
graph. The permissible limits of moisture content are found from the slope of the Py, — C curves on the assump- 
tion that the pressure may vary in the range of 1.5-2.5 kg/ cm’, 


The optimum moisture contents and their permissible limits are given in Table 1. The minimum value 
of the permissible variation limits is 2% 


Determination of the yield value Py by the cone plastometer is 5-10 times as sensitive as other methods. 
This made it possible to use determinations of the yield value Py) for evaluation of the quality of body treat~ 
ment and of the performance of the equipment [15, 16]. The methods of mathermatical statistics were used 
to evaluate the performance of each machine in the production line, and of the line as a whole, from the con- 
secutive changes in the homogeneity of the body in its passage through the machine, 


*Paper at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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Fig. 1. Variations of yield value P;, with moisture content for bodies made from: 1) 
Novomaiachka loam; 2) Golaia Pristan* loess; 3) Frunze clay; 4) Novomaiachka clay; 
5) Nikiforovo clay; 6) Kiev loam; 1) Kiev spondylic*clay; 8) Chasov Iar clay; 9) Gluk- 
hov kaolin; 10) Pyzhev bentonite. 


Analysis of the results led to the following conclusions. 


The principle on which the production line operates, with simultaneous processing of a restricted volume 
of material under conditions of considerable fluctuations in the composition oftheinitial charge and the moisture 
content, makes complete homogenization of the finished body impossible, As a result, the optimum conditions 


for drying and firing of the ware cannot be established and the quality of the production from brick works is 
characteristically uneven. 


TABLE 1 


Optimum Forming Moisture and Permissible Moisture Limits for Ceramic Bodies 


is re 

Optimum ess Optimum = 2 

Clays moisture ete) gf Clays moisture aoa 

content, % Ad6 content,% 248 

Bick | 83's 

aHS Re 

Novomaiachka 43 0,8 || Nikiforovo clay 29 1,6 

loam Kiev loam 29 0,9 

Golaia Pristan’® 14 0,5 Kiev spondylic clay 31 4,4 
loess 24 10 

: Chasov Iar clay 35 3,8 

Novomaiachka 26 1,7 || Glukhov kaolin 38 : ea 

clay Pyzhev bentonite 64 4,8 


A decisive improvement in the quality of the product can be achieved by preliminary equalization of 


the charge composition and by the creation of .reserves which would make it possible to operate with a charge 
of constant composition for considerable periods. 


*Not translator verified, 
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The production lines in operation in the Kiev brick works are not the best possible. In some cases cer- 
tain individual machines, such. as crushers and fine grinders, are ineffective and do not increase the homogeneity 
of the body. The position of the blade mixers in which the mass is humidified immediately before the band 
press is unsatisfactory. It eliminates all the preceding units from the processing cycle. Because of the absence 
of kneading machines, the main burden of the treatment is borne by the band press, the proper function of which 
is forming of the ware. We have recommended the following procedure for the Kiev brick works: feed fine 
grinding -> two-rollblade mixer with steam humidification > pug mill - fine- grinding roll-mill band press. 


The yield value, determined by the cone plastometer method, considered as the principal characteristic 
of plastic strength, provides an explanation of the processes occurring in the body during manipulation, makes 
it possible to determine the optimum moisture content and its permissible fluctuation limits by a laboratory 
method and to investigate the performance of operating units and production lines, and can be used as an ex~ 
Paes basis for the planning of new production lines in relation to the structuromechanical properties of 

e bodies. 


Investigations of plastic working and forming of ceramic bodies based on determinations of the yield 
value Pry by means of the cone plastometer have been carried out extensively by L. K. Petrov (Belorussian 
Institute of Constructional Materials, Minsk) and by M. G. Lundina and L, L. Koshliak (Scientific Research 
Institute of Construction Ceramics, Moscow). 


Elasticoplasticoviscous properties of intact structures in ceramic bodies. A parallel-plate instrument of 


the Tolstoi [18, 19] type was used for investigations of the elasticoplasticoviscous properties of intact structures 
in ceramic bodies. The investigations showed (Fig. 2) that the form of the deformation-time (€ — T) curves 

at constant load P, qualitatively corresponds to the Maxwell-Shvedov~-Kelvin mechanical model; as was shown 
by Rebinder and Segalova [3], this function can be represented by the equation; ‘ 


tEs 


P . I , al P n 
ge ea € 2 1 
¢ hy m* v a E> (1 e ) ( ) 


According to Equation (1), the behavior of the mass under a load which causes virtually no structural break- 
down can be characterized by five independent constants, determined from the € — T curves; the initial (nomin- 
al-instantaneous) elastic shear modulus Ey; the elasticity modulus E,; the maximum plastic (Shvedov) viscosity 
n1* the elastic aftereffect viscosity ng; and the nominal static flow limit P,... These values are invariant in 
the stress region where there is no structural breakdown. Their interrelationships may be represented in the form 
of the following three fundamental characteristics; elasticity A, Volarovich plasticity Pyy/ny* , and true 
relaxation time 94: 


Investigations of the structuromechanical properties of ceramic bodies which exhibit different behavior 
during plastic working and molding made it possible to establish the relationships between their behavior and 
the fundamental characteristics: elasticity A, plasticity Pk, /n,, and true relaxation time 6 [20-23]. 


Table 2 gives the fundamental characteristics and the nominal specific deformation power Ne .nom for 
nine clays. (Ne-nom is the power required for deformation of 1 cc of the body at a rate of 0.001 second”!), 


Semiproduction trials of clays, carried out at the Kiev &xperimental Works, and trials carried out in 
1951 at the Institute of Constructional Materials of the Academy of Building and Architecture of the Ukrainian 
SSR showed that Glukhov kaolin and Kiev loess give rise to lean bodies, of poor cohesion and bad formability; 
bodies made from Zolochev loess and Vinogradov clay form well and show no streakiness; bodies from Frunze 
clay and Pavlograd loam have good cohesion, are difficult to form, and have a tendency to streakiness; Novo- 
maiachka, Chasov Iar, and Druzhkovka clays give bodies with good forming properties but with a pronounced 
tendency to streakiness. 

Comparison of the process behavior of the clays with the data in Table 2 leads to the following con- 


clusions. 


Clays with good forming properties, without a tendency to streakiness, have the following fundamental 
characteristics; elasticity 4 not less than 0.6-0.69, plasticity Pai / 74 not less than 2.0-2.5 - 107° second” . 
and relaxation time @, not less than 300-350 seconds. 
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Fig. 2. Deformation=time (€— T) curves under constant load for 
Pyzhev bentonite with 82.6% moisture content. 


TABLE 2 


Fundamental Characteristics, Nominal Deformation Power, and Types of Ceramics Bodies 


aes Nominal 
Elasticity |Plasticity Truerelax- | specific de~ 
Clays z,_|Pra/ns10%, | ation time | formation | Type of 
= wl power 

Hi+ Es] sec 6 3,seconds Nx 1075 body 
Glukhov kaolin 0,67 1,43 4120 13,9 I 
Kiev loess 0,65 1,46 960 18,4 
Zolochey loess 0,68 2,19 780 34,9 Ul 
Vinogradov clay 0,73 2,24 391 118 
Frunze on 0,37 2,39 360 144 lu 
Pavlograd loam 0,37 Byte ys 154 
Novomaiachka clay 0,43 nee 101 68,5 
Chasov Iar clay 0,47 9,20 208 41,1 lV 
Druzhkovka clay 0,40 13),% 298 30,6 


Clays of the Kiev loess and Glukhov kaolin type yield elastic bodies, with a long relaxation time, but 
of low plasticity and low nominal deformation power. 


Bodies from clays of the Frunze and Pavlograd type have normal plasticity, low elasticity, sometimes 
a somewhat shorter relaxation time, and the highest nominal deformation power. 
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Chasov Iar, Druzhkovka, and Novomaiachka clays form highly plastic bodies of low elasticity, short re- 
laxation times, and moderate nominal deformation power. 


Thus, ceramic bodies can be classified in four types according to the fundamental characteristics of their 
structuromechanical properties (Table 2): I) low plasticity (Glukhov kaolin, Kiev loess), II) good formability 
(Zolochev loess, Vinogradov clay), II) low elasticity (Frunze clay, Pavlograd loam), and IV) low elasticity and 
short relaxation time (Chasov Iar, Druzhkovka, and Novomaiachka clays). 


The data in Table 2 also provide an explanation of the physical significance of the molding properties 
of ceramic bodies. 


We compared the values of relative deformation, calculated from the equation for the Maxwell—Shvedov 
and Keivin models [8] for shear stress Pr) = 20 - 10° dynes/ cm? and deformation time T = 1000 seconds. 


In this time, in addition to the elastic instantaneous deformation €y, the elastic deformation €, and a 
definite plastic deformation €;T also develop. 


In the case of Glukhoy kaolin and Kiev loess (Type 1), the relatively weak development of plastic de- 
formation in conjunction with the general easy deformability of the bodies determines their poor formability. 


In Chasov lar, Druzhkovka, and Novomaiachka clays (Type IV), with moderate values of the nominal 
specific deformation power, plastic deformation develops to the greatest extent, and this is the principal cause 
of streakiness in clays of this type. 


Deformation of Frunze clay and Pavlograd loam (Type III) requires considerable forces; in view of the 
high values of the instantaneous elastic deformation and the weak development of elastic deformation €,, 
clays of this type have a tendency to streakiness as the result of brittle breakdown of their structures. 


The development of all the types of deformation, as expressed by definite relationships between the 
fundamental characteristics, predetermines the good formability of the bodies (Type IL) irrespective of the power 
required for the deformation. 


Consequently, the behavior of ceramic bodies in working and forming, or their molding properties, are 
determined by the manner in which the deformation process develops: by the values of the instantaneous~elas-~ 
tic deformation, the rates of the elastic and plastic 
Moisture deformations over a certain interval of time, and the 


" | "4 | | | | ratios of these deformations. 
726 
~j fi 
sec eH 
The fundamental characteristics of the structuro- 


mechanical properties of ceramic bodies: elasticity, 
plasticity, and relaxation time, which represent relation- 
ships between mutually independent constants of the 
intact structures; elasticity moduli Ey and Eg, viscosities 
nN, and 72, and the nominal static flow limit Py, quanti- 
tatively represent the nature of the deformation pro- 
cess, determined by the nature of the clay. 


The use of these fundamental characteristics as 
criteria makes it possible to predict the behavior of 
Fig. 3. Velocity gradient-shear stress curves for Kiev plastic bodies in the course of working and forming, 
spondylic clay. to determine the course of deformation and the nature 

of the structural defects which arise,and to decide the 
direction in which the parameters characterizing the elasticoplasticoviscous properties of the body should be 


varied. 


Rheological properties of ceramic bodies. The analogy between the motion of a ceramic body in the 
band press and the flow of a plasticoviscous fluid in a pipe of variable cross section is now generally accepted 
[17, 24, 25]. Despite this, existing methods for calculations of band press design are based exclusively on 
kinematic (geometric) considerations, without regard to the properties of the bodies being formed. 


O41 


A study was therefore carried out on the structuromechanical properties of flowing ceramic bodies, with 
the aid of the Volarovich viscosimeter [26]. 


Investigation of the relationship between effective viscosity and moisture content of ceramic bodies [16, 
27] showed (Fig. 3) that at low shear stresses the variations of the velocity gradient are represented by a curve. 
With increasing shear stress, from body velocities of about 1 cm/ second, the velocity gradient-shear stress re~ 
lationship 4Q/ r3 = {(P;/ 21) becomes linear; this means that under these conditions the structure of the mass 
undergoes virtually ultimate breakdown. In this region a ceramic body may be characterized by two constants: 
the minimum plastic (Bingham) viscosity mm and the nominal dynamic flow limit Pkg The values of nwh 
and Pk» are constant for heads 2.50~-4.85 cm long and the radius 0.250-0.525 cm, over a wide range of loads 
on the viscosimeter piston. 


On the basis of the results reported by numerous workers [17, 24, 25] it was assumed as a first approxima- 
tion that the body in a band press flows at the minimum plastic viscosity. 


Analysis of the experimental data, with the aid of the similarity theory, revealed the existence of a relation- 
ship between the principal parameters of the clay bodies and the power and output of the band press; it was 
thus possible to eliminate the indeterminate coefficients generally used in design calculations relating to such 
presses. 


This relationship shows that the pressure in the clay body increases very little with increase of press out- 
put (velocity of body). Most of the energy is expended to overcome resistance and therefore to maintain steady 
flow at the required velocity. Decrease of the compression ratio of the press greatly lowers the pressure on the 
clay. It follows that it is advantageous to operate band presses at higher flow rates and to design band presses 
with lower compression ratios. 


Further extensive studies on the rheology of ceramic bodies are being conducted by V. B. Chernogorenko 
and M. S. Komskaia (Kiev). 


Complete theological curves of ceramic bodies. Abduragimova, Rebinder, and Serb-Serbina [11], who 


studied the elasticoviscous properties of thixotropic structures in aqueous clay suspensions, drew attention to 
the great importance of complete rheological curves, and established that at shear stresses below the nominal 
flow limit these systems exhibit slow flow of the creep type. 


We therefore studied the structuromechanical properties of a thixotropically reinforced body of spondylic 
clay, with 33.5% moisture, over a wide range of shear stresses (P from 3104 to 2°108 dynes/ cm), and obtained 
the complete picture for the flow of the body at various degrees of structual breakdown, including the stresses 
which arise in ceramic bodies during working and molding in production machines [28, 29]. 


The log m—P curve is shown in Fig. 4. 


At shear stresses below the nominal flow limit Py, = 4.8 - 10* dynes/cm?, produced in a parallel-plate 
instrument, the body has maximum(Newtonian) viscosity [10, 11] . of the order of 1038 poises, and exhibits flow 
of the creep type almost without structural breakdown. 


Increase of the shear stress from 4-104 to5-104 dynes/ cm?, i.e., above the nominal flow limit, results 
in a sharp decrease of viscosity by about two orders of magnitude. 


When the shear stress is increased from 5-104 to 1.5 10° dynes/cm?, the body exhibits plastic flow with 
virtually intact structure, i.e., with simultaneous breakdown and . restoratian of the structure. The viscosity re- 
mains constant, of the order of 10% poises, and corresponds to the maximum plastic (Shvedov) viscosity [11]. 


Further increase of stress fromm 1.5 + 10° to 2.1 - 10° dynes/ cm? leads first to partial breakdown on the 
structure and then to rupture of the sample, and is accompanied by a decrease of viscosity. The least measur- 
able effective viscosity in this instance was of the order of 10° poises. 


At shear stresses of 8+ 10°— 116» 108 dynes/ cm? (in a capillary viscosimeter),the body flows with a 
gradual increase of structural breakdown and a simultaneous decrease of effective viscosity from 108 to 104 
poises. 
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A shear stress of 1.6 - 108 dynes/ cm? produces almost total breakdown of the structure in the body. On 
further increase of the shear stress to 2 + 108 dynes/ cm? the viscosity remains constant and corresponds to the 
minimum plastic (Bingham) viscosity of the order of 104 poises [11)}. 


Rheological viscosity ~ shear stress (7 ~ P) curves have very great practical importance, as they determine 
the fundamental principles of the technological processes of molding and working ceramic bodies and of machine 


design by providing a direct connection between the nature of the flow, the degree of structural breakdown, and 
the shear stress. 


Rheological (7 — P) curves are especially im- 
portant in relation to studies of the forming process. 
Streakiness in the formation of a ceramic block in the 
band press is one of the commonest faults in the ceramic 
industry. The physical meaning of this effect is that, 
because of the generally high compression ratio in band 
presses [30], i.e., high resistance to motion of the body, 
the body flows in the hand of the press at different vel- 
ocities across the block. Internal stresses in the mass 
can become so great that it may become disrupted, with 
slippage of individual layers along concentric surfaces 


2 dynes/ cm? (17, 23, 24). 
Fig. 4. Rheological (log n ~ P) curve for spondylic The rheological n = P curve not only indicates 
clay body; moisture content 33.5% that the internal stresses in the clay body in the band 


press should not exceed, according to the kind of flow 
required, either stresses of the order of the nominal limit of the virtually intact structure P;, at which flow oc- 
curs at the maximum plastic viscosity, or stresses of the order of the nominal dynamic flow limit Pk», at which 
streakiness does not yet occur; it also make it possible to determine these values directly, so providing the 
basic calculation data relating to the forming process and equipment. 


The stipulated conditions may be fulfilled and the required press output maintained, by a considerable 
decrease in the resistance to the flow of the body. This can be effected by a decrease of the press body dia- 
meter and an increase of shaft thickness, by conditions for smooth flow of the body in the head and mouthpiece 
of the press, and by a general decrease of the compression ratio of the press [30]. 


Examination of the 9 — P curves for ceramic bodies also leads to the conclusion that the plastic form- 
ing process is economically most efficient at shear stresses which result in maximum breakdown of the struc 


ture. 


New design principles for molding machines used for plastic working of ceramic bodies must be developed. 
Maximum structural breakdown throughout the flowing ceramic body can be effected by means of vibrations at 
sonic or ultrasonic frequencies. The instantaneous thixotropic build-up characteristic of highly concentrated sus- 
pensions such as ceramic bodies,fixes the form of the ware. 


Maximum structural breakdown can also be effected in the boundary layers of the flowing mass only; 
this is equivalent to creation of wall slip. This result can be attained either by vibration of the head and 
mouthpiece of the band press, or by electroosmosis, as proposed by P. M. Rudenko. 


SUMMARY 


1. Application of the physicochemical mechanics of disperse systems to studies of plastic working and 
forming of ceramic bodies gives very useful results. 


2, Studies of the plastic strength of ceramic bodies led to the development of methods for determination 
of optimum moisture content and homogeneity of the clay bodies, and for evaluation of equipment performance. 


3, Studies of the elasticoplasticoviscous properties of intact structures have given rise to criteria for evalua- 
tion of the molding properties of ceramic bodies, and make it possible to predict their behavior during working 
and forming, and to modify their properties accordingly. 
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4, Investigations of the performance of band presses by means of structuromechanical analysis have re- 
vealed a relationship between the press parameters and the clay properties. Analysis of this relationship leads 
to important practical recommendations. ; 


5. Rheological curves for ceramic bodies have been used to determine the permissible pressure limits in 
forming. Operating conditions for band presses have been formulated and suggestions made for improvements 
in their design. New principles for the design of machines for the plastic forming of ceramic bodies have been 


put forward. 


Research into the physicochemical mechanics of ceramic bodies provides the scientific basis for studies, 
planning, the selection of the optimum process conditions \in plastic working and forming of ceramic bodies. 
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DEFORMATION CHARACTERISTICS OF NATURAL AND DISPERSED 


STRUCTURES OF SOME CLAYS 


I. M. Gortkova 


Native clays are natural, structurized disperse systems. The development of a spatial structural network 
and its reinforcement with time under the influente of molecular cohesion forces, confers definite mechanical 
properties on the clays. Studies of the structuromechanical properties of clays in the light of modern views of 
the most recent branches of colloid chemistry — the theory of structure formation in disperse systems, and physico- 
chemical mechanics ~ are of great theoretical and practical interest; they assist in the elucidation of the nature 
of the strength of natural structures, and in a scientifically-based engineering and geological characterization of 
the clays. 


The present communication deals with certain results obtained in studies of the structuromechanical proper- 
ties of clays of various genetic types, containing weak structural bonds and bonds which have been reinforced to 
various degrees. 


The samples studied were glauconite, hydromica, and kaolinite Jurassic and Quaternary sandy-colloidal 
materials * from the Moscow and Salekhard regions, with their natural moisture content; recent, early Black 
Sea and neo-Euxinian hydromica~kaolinite and montmorillonite deposits from the Black Sea, with their natural 
moisture content; hydromica Khvalynsk clays of the Volga region and hydromica~kaolinite Jurassic clays from 
the Moscow and KMA'fegions, with their natural structure and in paste form; and pastes of certain other clays. 


The theory and methods of the quantitative characterization of the rheological and strength properties 
of structurized disperse systems are detailed in the publications of P. A. Rebinder and his associates [2].. 


The Maslov, Veiler~Rebinder and Tolstoi shear instruments were used, by the appropriate methods, for 
investigations of clay samples with their natural structure and of concentrated pastes. 


The composition and properties of the samples, and full details of the methods and results, are given in 
earlier papers [3]. 

Studies of the development and decay of deformation in natural and dispersed structures of the clays 
at various constant shear stresses showed that the structuromechanical properties can be determined quantitative- 
ly only for clays at relative humidity W /Wf < 0.5 — 0.6 (W is the percentage moisture content of the clay; 
Wr is the percentage moisture content of the paste at the lower yield value, in Atterberg's terminology) in the 
stress region where the elastic shear modulus E is independent of the acting stress P (i.e., in the region of virtual- 


ly intact structures). 


*Sandy~-colloidal materials, true quicksands in Lebedev's terminology, contain up to 90% by weight of coarse 
inert filler (sand and large dusty fractions > 10 »), with a colloidal complex of highly disperse clay minerals, 
sols and gels of silica, alumina, and iron compounds, mineral organic compounds, and humic acids of high 
molecular weight; they have a very low electrolyte content — 0.02 to 0,006 %. 


The organomineral colloidal complex of these materials is highly hydrophilic and in a state of maxi- 
mum peptization. Therefore,they may be regarded as highly plasticized and hydrophilic varieties of clay. 
**Not identified. Translator‘s note, 
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The natural structures of Jurassic clays at their natural relative humidity ~0.40 have a high yield value 
(Pky = 5.8 ° 10° dynes/ cm’), high strength (Pp, =1.9- 108 dynes/ cm’), high values of the elasticity moduli 
(E, of the order of 10° dynes/cm?; Eg of the order of 107-108 dynes/ cm). These structures have low deform- 
ability (1/E = 4+ 10-7? cm?/dyne), low elasticity (y = 0.03~0.10) and high maximum viscosity in the virtual- 
ly intact state (nN = 2° 104 poise). The deformation of these structures disappears almost completely on in- 
stantaneous removal of load. Slight residual deformations develop in them as the result of slow flow of the creep 
type in the region of Pyy — P*;, i.e., in the region of virtually intact structures (Fig. 1). 


The natural structures in the clays studied are similar in their properties to elasticobrittle condensation 
structures, but allow of slow flow of the creep type owing to the presence of residual hydration layers at the 
points of contact between the particles. Thus, clay with their natural structure are nominally elasticoplastic 

systems which have become reinforced as the result of 


€mm dehydration, orientation, and condensation of the Jurassic 
2] es 4 i 
P=1250B/cM sea deposits. 


P=1000 g/cm? 


The natural structures of Jurassic clays, like those 
of the Khvalynsk clays studied earlier [5], must be re- 
garded as aged coagulation structures in clay deposits. 
They can therefore be classified as a group of coagula- 
tion structures strengthened as the result of syneresis, 
with properties intermediate between those of crystalliza- 
tion~condensation and recent coagulation structures. 


Sandy~colloidal materials, sediments, and freshly 
prepared clay pastes, with moisture contents varying 
®> : over a wide range, are much less strong coagulation 
0 ; 5 100 tain (dispersion) structures, with pronounced plasticoviscous 
and elastic properties; they exhibit considerable re- 
Fig. 1. Deformation kinetics of the natural structure _ sidual deformations and restore their strength rapidly 
of Jurassic clay, KMA, Oboian’, from a depth of 478 — after structural breakdown. 


m at W/ Wy = 0.39. 
ee A characteristic feature of the pastes and clays 


at relative humidities above 0.5-0.6 is their orientational reinforcement in shear deformation. This is shown 
by the increase of the equilibrium modulus E (From 2 to 20-fold, with decreasing concentration of the solid 
phase) as the deformation decays after removal of load, and by the considerable increase in the reiative pro- 
portion of the residual deformations (Fig. 2). Similar orientation of kaolinite clays in flow was observed by 
Raitburd et al. [6]. 


Comparative studies of the course of deformation in dispersion structures of these clays at various con- 
stant shear stresses revealed the existence of two types ofstructures, The first type includes natural structures 
and concentrated pastes of KMA Jurassic clays (W/ W¢ < 0.6), natural structures of neo-Euxinian sediments, 
pastes of Far Eastern and Khvalynsk bentonite clays (up to W/ W¢ = 2.50), for which the shear modulus E is 

independent of the action stress P over a definite stress 
region (up to Pt = 1.2- 10%, 3-108; 4.1- 10°; 1.3- 
ewisatineael cus 2 10° 5.6 10°; 2.4 ‘ 108 dynes/cm* respectively). 
¢ 2:23 0'dynes/ cm? The elasticity moduli of 10% bentonite clay suspensions 
A. 333 0 dynes/ cm? were found to be similarly independent of P in the stress 
W220 0 dynes/ cm? region up to 19.8-500 dynes/cm? [2]. Therefore, these 
structures are characterized by the existence of a pro- 
nounced nominal-elastic region. 


D 1 60 80 00 10 HO WOT min The second type of structure includes moister 


Fig. 2. Deformation kinetics of natural structures in tea gf Sabb an OWE Wed tie Gio a ekegeet 

early Black Sea sediments at different depths: 1) 60- At eendyscoU olay pated aly pad Upp geulmenbary 

80 cm; 2) 155-170 cm; 3) 654-680 cm; 4) 1059- layers, They are characterized by a pronounced depend- 

1075 cm; W/W = 1.2. eer E on - even at low shear stresses, and by high 
elasticity; this shows that their structural bonds are weak 

and that the structural network is broken down in the course of testing (Fig. 3). 
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There is no doubt that these differences in the deformation behavior of clays of different origins are pri- 


marily due to the nature of the adsorption layers through which the particles interact in the course of structure 
formation. 


Coagulation structures in clays are formed by cohesion of the particles as the result of spontaneous sudden 
thinning of the ionic hydration layers [7]. The structures formed have high viscosity and elasticity over a definite 
stress range. In this nominal-elastic region, corresponding to the solidlike state of the coagulation structures, 
the elasticity \ = —,/(E,+E,) may serve as a characteristic of the rigidity of their structural bonds in relation 
to hydration of the particles at their points of contact. Values of A < 0.5 indicate that the clays have solid- 
like properties, and are characteristic of clays with moisture contents below the adhesion limit (such as the 
Jurassic clays studied), or clays in which contacts between the particles are reinforced in presence of consider- 


able amounts of free water in the pores, as in Khvalynsk and other highly porous clays, in sediments, in ben- 
tonite suspensions [2], etc. 


In sandy~colloidal materials and in upper sediment layers, containing considerable amounts of organic 
matter (0.31 to 4% C), particle interaction occurs mainly through extensive, highly hydrophilic, mechanically 
strong, and therefore very stable molecular adsorption layers. Such protective layers of organic surface-active 
substances make the particles kinetically and aggregatively stable because of their weak cohesion and confer 
mobility, high deformability, and elasticity to the materials in the moist state. Jurassic clays, containing up 
to 2.2-4% of organic matter, have considerably higher deformability than Khvalynsk and bentonite clays. 


The highest deformability (VE = 107~* cm?/dyne) and fluidity (1/7 0.05-0.01) are found in moist sandy- 
colloidal materials containing colloidally dispersed minerals of the montmorillonite and glauconite types, which 
form the most stable mineral organic compounds. On drying, these materials form brittle irreversible condensa- 
tion structures as the result of cementing by organic matter and by the oxides of silicon and iron. 


P,g/cm2 


W, rev. / sec 


120 


1000 


Fig. 3. Variations of the instantaneous elastic de> Fig. 4. Rheological oe (N) and variations of a 
formation €9 and maximum elastic deformation €m fective viscosity (7) with acting stress for Jurassic 
with shear stress P for natural structures in Jurassic sandy-colloidal material (1) from a depth of 79 

clay (1), early Black Sea sediments (2), and Jurassic meters, with W/ Wee ieee af recent sediment (2) 
sandy-colloidal material (3). from a depth of 0-10 cm, with W/ Wg = 1.43. White 


circles represent the down branches of the curves. 
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Characteristics of Dispersion Structures of Certain Clays 


Materials 


Mineral com- 


position of 
fraction 
<iu 


Jurassic, Moscow, |Glauconite 


9m 
perenne 
m 
The same,o2 m 


Recent, 0-10 cm 


The same, 30-395 
cm 

The same, 
122-153 cm 


ad Black Sea, 
60-80 cm 


Neo-Euxinian, 
604 cm 


Khvalynsk clay, 
Volga region, 
7.75 m 

The same 


Thesame,9.29cm 


» 


Chistopol* clay 


Jurassic clay, 
KMA, Oboian’, 
464 m 

Thesame,478 m 


The same,478 m 

Jurassic clay 
KMA, Glinki, 
4,05 m 


Glukhov kaolin 
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Salek~ 


ze ce 

aolinite 

Rydromica, 
kaolinite 


Highly disperse 


hydromica 
aid kao= 
linite 

The same 


» 


Highly disperse 


hydromica 
and mont- 
morillonite 


Highly disperse 


hydromica 
and kao- 
linite 


Hydromica 


The same 

» 

» 
Montmoril- 

lonite | 
Hydromica, 
aolinite 

The same 

» 


» 


Kaolinite 


Variation of ef- 


F 9] fective viscosity 
> a an with decrease of 
SB fol we 8, -~%{ ¢ | acting stress 
ae Ft SE PR Ag] £ 
ig = ea! ¢ 
Sandy~colloidal material 
Pa ean PG Ra SIGN 84 17 | 4,4 | Branches of curves 
coincide 
ot = 7:10? } 250 50 5 | The same 
34 _— 3-102] 160 10 16 » 
Black Sea sediments 
57,0) 1,401 0 280 20| 14 » 
54,2) — |1,3-404 | 1000 76 | 413 | Branches of curves 
almost coincide 
66,0} 1,2018,5-10% |8,2-108 | 153 | 53 | Hysteresis loop 
98,5] 1,02} 2-104] 4-104} 40 |1000 | Very large hystere- 
sis 
41,9} 0,62/2,4-10*| 2-104] 171 | 117 | Large hysteresis 
loop 
Clay pastes 
46 | 0,77|7,2-104 |) 7-104; 572 | 122 | Hysteresis loop 
66,5] 1,12/7,4-103 |5,5-404| 21./2620 | Very large 
hysteresis loop 
92,0} 1,53/1,7-104 |1,7-104 | 148 | 115 | Large hysteresis 
loo 
24,7] 0,89} 8-108 |3,4-105 | 343 |1000 | Very large 
hysteresis loo 
09,8) 0,94) 3-104 /1,2-105 | 3414 | 400 verertat leon 
40,0] 0,93/3,6-104 | 2-104 |2-103} 40 | Branches of curve 
coincide 
65 | 1,27) 8-408 |3,3-10% |} 140 | 23] Branches of curves 
aaeh, moriien 
ea | Peale de4081 4.20»! Yoh 400 almost coincide 
62 | 0,914} 3-104 |1,1-404 | 534 | 20] Branches of curve 
coincide 
29,6) 1,57] 6-108} 3-103} 129 | 23] Branches of curves 


almost coincide 


The structures which arise in clays when particle cohesion is weakest as the result of stabilization by 
extensive hydrated ionic layers and mechanically strong, highly stable molecular adsorption layers cannot be 
regarded as coagulational; they are strongly stabilized in character, and fluidlike in structure. 


; Investigations of the characteristics of stabilized and coagulation structures in these materials with the 
aid of the Volarovich viscosimeter [8] fully confirmed this distinction in their deformation behavior. As the 
beans of these investigations, clays can be classified in the following groups according to the rheological charac- 
teristics of their dispersion structures (see Table). 


1, The group of fluidlike materials of the type of sandy-colloidal quicksands and certain of the most 


recent sediments. Dispersed structures of these materials are characterized by virtual absence of a nominal 
yield value of the ratio Ne/N, [4-16], mainly owing to the low values of initial viscosity n9. The rheological 
curves and the curves for the variations of effective viscosity with acting stress, determined for increasing and 
decreasing stress, coincide in this group (Fig. 4). In other words, these materials are only weakly thixotropic 
because of the presence of extensive adsorption layers and of the dense packing of the particles, which allow 
of rapid restoration of the weak structure; they have the highest fluidity, elasticity, and deformability. 


2. Group of materials with a loose structure, with solidlike properties due to strengthened cohesion of the 
particles at the points of contact in coagulation structure formation and in the course of diagenesis — this group 
includes early Black Sea and neo~Euxinian sediments and especially highly disperse Khvalynsk light and heavy 
clays. 


These materials have a nominal yield value and are characterized by the highest values of the ratio of 
initial viscosity to the viscosity of structures broken down to the limit q9/m (100-2600). The magnitude of 
this ratio is a measure of the solidlike properties of coagulation structures. Khvalynsk highly disperse hydromica 
clays have the most pronounced solidlike proper- 
ties and high viscosities in the region of virtually 
intact structures (Pky — P*";). However, they lique- 
fy abruptly as the result of brittle breakdown of 
their structure at stresses above the Bingham dy- 
namic yield value Pyy. These clays exhibit pro- 
nounced thixotropic recovery of the initial paste 
viscosity with time,at stresses below Pyy. This 
is shown by the large hysteresis loop and by the 
restoration of viscosity on decrease of the acting 
stress (Fig. 5, Curve 1). 


2 WF dynes/ ene 3. The earliest group studied, KMA Jurassic 


clays have the highest nominal yield value but 
eS relatively low values of the ratio ny /mm (10- 
100), because of the high viscosities of the struc 
tures after ultimate breakdown, Nin: The mater- 
Fig. 5. Rheological curves (N) and variations of effective ials of this group are weakly thixotropic, because 
viscosity (7) with acting stress for Khvalynsk clay of the cohesion between the weakly hydrated and close- 
Volga region (1) with W/ Wf = 1.12, and Jurassic KMAclay ly packed particles is rapidly restored. 

(2) with W/ W¢ = 0.93. White circles represent the down 
branches of the curves. 


—— eae ae ee =e 


pat 


0 By 210" B, 10" 610" B, tosRdynes/ cm* 


The extremely high density of the struc~ 
ture in Jurassic clays is the consequence of their 
hydromica~kaolinite composition, the predominant content of sorbed Ca, growth of the clay mineral crystals 
with time, the presence of considerable amounts of dust and sand particles and of organic matter, which favors 
close packing of the particles stabilized by it, and the prolonged consolidation of clays at great depths. At 
stresses above the flow limit these clays behave 1ike very viscous liquids and show a tendency to unlimited de- 
formation with flow of the creep type (Fig. 5, Curve 2). 

Thus, a high affinity for watet and the presence of extensive adsorption layers, by favoring peptization 
of the particles, produces a relatively higher degree of compactness in clay materials, together with high 


mobility because of their low viscosity and very weak cohesion between the particles. This accounts for the 
fluidity of true quicksands and the most recent sediments. Such materials have little or no thixotropy, but 


551 


have a tendency for unlimited deformation owing to flow with continuous restoration of the structure. Analogous 
structures are found in the denser Jurassic clays, but these have much higher strength and viscosity owing to the 


considerable dehydration of the particles with time. 


Structures of this compact type [9], corresponding to maximum volume filling and contact between the 
particles by solvation hulls developed to various degrees, are found mainly in clays of the kaolinite type, and 
also in other materials with particles effectively stabilized, especially by organic substances (such as true quick- 
sands, fresh-water and recent marine sediments, 
early deposits, marsh and lagoon formations, gleys, 
northern running clays, etc.). Because of the com- 
pact packing of the particles and therefore a low con- 
tent of free water, materials with such structures (in 
absence of large amounts of plant remains) usually 
have low moisture capacity. Such structures are 
characterized by low values of the 79 / 1 yp ratio. 


Structures of the loose type, i.e., coagulation 
structures proper, are formed predominantly in clays 
with anisodjametric particles (i.e., in montmorillon- 
ites or hydromicas), at definite concentrations of the 
solid phase, and if the electrolyte content is adequate; 
more oftenin marine media. They have high mois- 
ture capacity because of the retention of large amounts 
of free water in the pores, as the cohesion of the 
highly disperse particles takes place predominantly 


Fig. 6. Variations ofq/ 1, with W/ Ws for dispersed at corners and edges. Such structures strengthen rapid- 
structures of some clay materials; 1) Neo-Euxinian ly as the result of spontaneous dehydration of the parti- 
hydromica~kaolinite sediment; 2) Khvalynsk hydro- cles during syneresis at the points of contact. Such 
mica clay; 3) light Khvalynsk hydromica clay; 4) structures have great variability of strength and vis- 
early Black Sea hydromica~montmorillonite sediment; —_cosity over a narrow stress range; they have high 


5) Chistopol* montmorillonite clay; 6) Jurassic hydro- No/Nm fatios (Fig. 6). 
micakaolin clay; 17) Jurassic sandy-colloidal glau~ 
conite; 8) recent hydromica~kaolinite sediments from 
Shallow Black Sea waters; 9) Glukhov kaolin. 


Thixotropy is intimately associated with the 
characteristics of these loose structures. Reversible 
restoration of the structures and of their solidlike 
properties after liquefaction of the clays occurs in consequence of the Brownian movement of the colloidal 
particles and in consequence of the sudden penetration of the hydration layer at the points of contact of the parti- 
cles on collision (at stresses below the flow limit). 


It must be noted that it is virtually impossible to draw a dividing line between thixotropic and syneretic 
reinforcement of clays, as both processes often occur simultaneously, and both favor strengthening of the struc- 
ture by increase of the number and area of contacts between the particles and increased bonding between them 
with time. 


SUMMARY 


1, The structuromechanical properties and characteristics of natural dispersed structures of certain clay 
minerals of various origins have been studied. 


2. Natural coagulation structures in clays, reinforced as the result of syneresis effects, are intermediate 
in their properties between crystallization—condensation and recent coagulation structures. 


3. The structures studied are classified in the following groups: a) fluidlike structures of organomineral 
sandy~colloidal materials and recent sediments; these have the highest fluidity, elasticity, and deformability; 
b) solidlike loose structures in Khvalynsk clays and early Black Sea and neo-Euxinian sediment, the viscosity 
of which falls rapidly over a narrow stress range, with thixotropic recovery of the solidlike properties; c) com- 


pact structures of the most highly dehydrated and dense Jurassic materials, with a tendency to slow plastic flow 
of the creep type. 
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4. The deformation and strength characteristics of clays must be investigated by rheological methods in 
order to provide a sound basis for clay characterization from the engineering and geological aspects and for 
calculations in construction planning. 


The F. P. Savarenskii Laboratory of Hydrogeological Problems Received December 4, 1957 
Academy of Sciences USSR 
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THE ROLE OF PLASTIFICATION AND HYDROPHOBIZATION IN 
THE COMPACTION OF SOILS 


T. lu. Liubimova and T. V. lagodovskaia 


The hydrophobization of soils used in building, in order to decrease their water permeability and tend- 
ency to soaking, in contrast to waterproofing effected by filling of the open pores with insoluble substances, is 
achieved by decrease of the wettability of the particle surfaces as the result of chemisorption of surface-active 
substances, in harmony with Rebinder's theory [1]. 


Water~repellent surface-active additives can probably exert a direct plastifying effect in the course of 
strong compaction of the soil, similar to the effect discovered by Khigerovich [2] in the waterproofing of lean 
concrete mixes and building materials. 


There have been several studies of the hydrophobizing action of various surface- active substances on 
soils, but the effect was not considered in relation to subsequent compaction of the soils and variations of their 
mechanical properties under the action of moisture and in the course of time [8]. 


In investigations related to road engineering problems [4], hydrophobizing surface-active substances 

- were introduced into soils immediately before compaction, but the possible plastifying effect of the adsorption 
layers and their influence on structure formation in compacted soils were not considered; neither are there any 
reports of comparative studies of the changes of mechanical properties of compacted hydrophobized and non- 

hydrophobized soils under this action of moisture. 


The hydrophobizing agents used in the above-mentioned investigations [3, 4] were mainly the sodium 
soaps of saturated and unsaturated higher fatty acids, and sodium sulfonaphthenate and abietate. Water im- 
bibition was greatly retarded by these additives, both in compacted and in noncompacted soils. 


The aim of the present work was to study the hydrophobizing and plastifying effects of technical soap 
wastes, containing alkali soaps of higher saturated and unsaturated fatty acids as their surface-active compo- 
nents, on soils. The material used contained ~67% of sodium oleate (on the dry substance). The results of ex- 
periments on the influence of adsorption layers of sodium oleate on structure formation in compacted soils 
will be presented in a separate paper. 


Rebinder [1] showed that stable hydrophobization of mineral particle surfaces is possible only if the ad- 
sorption layers are bound chemically. Therefore, the most pronounced water-repellent effect should be found 
in carbonate soils and mineral powders. It appears that chemical binding of the water-repellent adsorption 
layers is not essential for their plastifying effect in the course of soil compaction. 


The test samples were prepared as follows. The air-dry soils and mineral powders were sifted through 
a screen of 0.8 mm mesh and mixed with definite amounts of water or solution of surface-active agent. The 
samples were compacted by tamping in the apparatus for standard compaction of soils [8] in cylindrical metal 


cases, in which the samples were subjected to various tests. 
It is known that in the mechanical compaction of soils of different moisture contents, near the lower 
plastic limit, the density of the soil (bulk density of the framework) y as a function of the water content W 


is represented by a curve with a characteristic sharp maximum, the position of which for a given soil corres~ 
ponds to the so-called "optimum moisture content, ” which represents the maximum possible densification of 
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the soil by the mechanical treatment used. The plastifying effect of the adsorption layers in ae course of 
compaction was studied by determinations of the optimum moisture contents of the soils for different concen- 
trations of the surface-active additives. 

The mechanical properties of the compacted samples were characterized by their plastic strength Pry, 
determined by means of the lever-type cone plastometer devised in the Department of Colloid Chemistry of 
Moscow University. 

Figure 1 shows typical curves for the effects of moisture content at mixing on the = strengtn and 
bulk density immediately after compaction. It is seen that the P., = f(W) curve has an inflection point, the 


abscissa of which (extremal on the differential curve dP;)/dW = ¢(W) ) coincides with the abscissa of the 
maximum on the y = F(W); this was the case for all the samples studied. This property of the curves for the 


pkg/ on” 
fp B/ ce is 
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Wy, % 
g/cc 
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7 20 

16 |-[82 
13 

gi Qe or 
6% in soil 
Fig. 1. Effects of moisture content at mixing on the Fig. 2. Effects of sodium oleate concentration (c) on 


plastic strength and bulk density of soil after composi- the optimum moisture content Wo, plastic strength 
dPin P_, and the bulk density of the compacted soil frame- 

i P. = _—_—i t= ‘ = 2 ™?’ 

poor a eee ee work (79) in Cheremushki clay. 


plastic strength of compacted soils as a function of the moisture content during compaction can therefore also 
be used for determination of the optimum moisture content. Data on the effects of sodium oleate concentra- 
tion on the optimum moisture content, plastic strength, and maximum bulk density of the soil framework at 
the state of maximum compaction are presented in Figs. 2 and 3 and in Table 1. 


Aqueous soap solutions are the most extensively studied class of surface-active semicolloids. Rebinder 
and his associates [1] have shown that the nature of the adsorption layer on the solid surface in contact with 
soap solution depends on the concentration of the solution: in adsorption from dilute solutions, ionic and ionic- 
molecular layers of a hydrophobic character are formed, and cause dehydration of the surface and flocculation 
of the dispersed particles; in adsorption from concentrated solutions, micellar hydrophilizing and stabilizing 
adsorption layers are formed, and peptize the disperse phase. Serb-Serbina [5] determined the following con- 
centration ranges for sodium oleate; the range of flocculating concentrations 0.05-0.15%; the range of pep- 
tizing and stabilizing concentrations, 0.5-1% 


The data in Table 1 reveal the distinct plastifying action of hydrophobic adsorption layers, as shown by 
the decrease of the optimum moisture contents for Leningrad clay and Khar*kov Loess (a neutral and a weakly 
alkaline soil,respectively) over a narrow range of flocculating concentrations of sodium oleate; in the case of 
the more acid Cheremushki clay, probably as the result of increased hydrolysis of the soap with decrease of 
pH, the range of flocculating concentrations is shifted somewhat toward higher values [6]. 


556 


The decrease of the optimum moisture content is accompanied by an increase of strength of the com- 
Pe soils, over the same range of sodium oleate concentration; the simultaneous increase of density, al- 
though regular, is small in absolute terms. For the soils studied the decrease of the optimum moisture content 


a absolute %); The strength increase after compaction varies from 30 to 90%; the density increase 
1s 13%, 


C% in soil 


Fig. 3. Effects of sodium oleate concentration (c) on the 
optimum moisture content Wo, plastic strength P_,, and 
the bulk density of the compacted soil framework ( 79) in 
Khar'kov loess. 


TBE E ti 


Effect of Sodium Oleate Concentration on the Optimum Moisture Content, Plastic Strength, 
and Bulk Density of the Soil Framework at Maximum Compaction 


Sodium oleate concen- 


tration, % Optimum 
: | LSE Pr in 
Soils | on the : ; content > |Y¥ im g/cc 
weight of in solution ; Wo, %o on kg/cm 
soil at mixing | the soil 
Cheremushki (sur- = aie 17,6 25,0 | 1,88 
face, carbonate- 0,017 0,10 1732, 20,9 = 
Pes 0,034 0,24 16,5 33,4 1,90 
: dae 005 0733 15.7 33/4 1'90 
0,07 0,43 16,9 34,6 1,90 
0,17 0,98 47,5 28,8 1,87 
0), 34 2,00 13 20,0 | 1,85 
0,70 4,00 18,4 2240 1,83 
Leningrad (surface) -— — 17,9 24,7 4,84 
clay 0,04 0,06 16,7 31,1 1,83 
0,025 0,15 16,5 28,8 1,82 
0,075 0,44 17,0 23,4 1,81 
0,25 1,50 We 24,7 1,80 
Khar'kov loess ~— es 18,0 16,4 1,80 
0,04 0,06 16,0 314 1,89 
0,025 0,15 5 | 29,6 1,85 
0,05 0,30 Vie 21,0 1,82 
0,10 0,60 tees 24,1 1,83 
0.50 2.60 17.5 236 1,81 
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Only the fine-grained soils - a number of clays and loess — showed decreases of the optimum moisture 
content and increases of strength and density on addition of small amounts of sodium oleate. There was no 
effect on heavy sandy clays and loams. Similar results were obtained by Lambe [6] in a study of the effect of 
addition of sodium tetraphosphate as a "dispersing agent" on soils undergoing compaction; the peptizing ac- 
tion of this addition increases plasticity, decreases the optimum moisture content, and raises the density, but 
does not increase the strength. Further increase of the sodium oleate concentration again raises the optimum 
moisture content and lowers the strength and density to their initial values; in the range of stabilizing concen- 
trations (for Cheremushki clay) the optimum moisture content rises above the intial value, and the density and 


strength decrease. 


The physical significance of the optimum moisture content evidently lies in maximum peptization of 
the relatively weak structural contacts in the soil aggregates and stabilization of the soil particles by the ad- 
sorbed hydration layers. It is known [7, 8] that increase of the specific work of compaction is accompanied by ap- 
preciable and regular decrease of the optimum moisture content and increase of the corresponding values of 
maximum soil density. This suggests, first, that a high degree of compaction of moist soil can be attained by 
the action of external mechanical forces even with incomplete stabilization of the solid particles, in absence 
of fully developed hydration layers; second, that a limiting factor in maximum compaction is the presence in 
the soil mass of microaggregates which are only weakly peptized by water — fragments of the natural structure, 
to the breakdown of which the increase of density with increasing work of compaction must be attributed. This 
hypothesis is confirmed by the above data on the influence of hydrophobic adsorption layers on the compaction 
of soils and their optimum moisture contents. 


The decrease of optimum moisture content in the region of flocculating concentrations of sodium oleate 
with the simultaneous regular,if slight,increase of density, is evidently the consequence of the lubricating ac- 
tion of the adsorption layers, which facilitate sliding of solid particles under the action of external compressive 
forces during compaction of the soil [2]. 


The strength increase of newly compacted soil in the region of plastifying (flocculating) sodium oleate 
concentrations can be attributed, in addition to the decrease of the moisture content, also to the formation of 
a larger number of structural contacts because of the thinning or removal of the stabilizing hydration layers; 
the effect should be especially prominent in conjunction with compacting forces. The introduction of a hydro- 
phobizing additive is thus analogous to the application of a greater force or the expenditure of more work in 
compaction. 


At higher concentrations of sodium oleate, with a transition to thick micellar hydrophilic adsorption 
layers of the gel type, the effect of decreased optimum moisture content vanishes, while at very high concen- 
trations the optimum moisture content may even increase in accordance with the greater hydrophily of the 
solid surface. 


The strength and density decreases in the region of stabilizing (peptizing) concentrations may also be 
caused by strong retardation or total inhibition of structural contact formation between the soil particles under 
such conditions, and possibly by the cushioning action of the strong gel-like structurized adsorption layers dur- 
ing compaction. 


The effectiveness of the hydrophobizing action of sodium oleate was determined by the rate of capillary 
tise of water, the rate of water impregnation by Volkova's method [9], and by variations of the plastic strength 
in the dry and saturated states. 


The impregnation rate was characterized by the value of K in Equation (1) for the volume of imbibed 
water as a function of time 


V=Kr (1) 
The values of K were found graphically from the linear relationship between the impregnation rate and 
1/t 
lA 4 : 
i aaa ae a (2) 


where A =V¥K/2, 
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TABLE 2 


Effect of Sodium Oleate on the Water Resistance and Water Absorption of Soils and Mineral 
Powders Compacted at the Optimum Moisture Content 


Py, kg/ cm? 


Sail or Sodium ole- after |after /insatura-| p" "4 2 
mineral ate, % on com- dry ins ted state Pm -100 Pm) -100 Kx a 
powder the mater- |in % |Ppac~ | ps pe Pi p’ cm6&/ min 
ial lon m m 
Pr “i 
Kaolinite ~ 39,6 | 13,0 |144,0 0,9 0,6 100 289 
0,04 38,4 | 10,8 |147,6 1,8 Os 200 = 
0,1 37,5 | 14,0 [144,0 1,4 1,0 156 134 
Surface clay -- 17,8 | 24,5 | 57,6 2,0 3,9 100 20 
0,18 13,8 | 30,8|77,4| 9,7 41,2 435 72 
0,36—0,72 | 14,5 | 31,0 | 73,8 8,1 11,0 405 1,3 
Dae 16,0 | 34,6 | 72,0 12554 16,8 605 47.0) 
2,4 17,0 | 30,6 | 54,0 7,4 13,7 370 — 
Loess — 15,4 | 19,0 |4114,0 6,4 ono 100 AS 
0,1 15,0 | 18,0 |111,0 6,5 9,9 107 10 
0,25 14,7] 18,9 1441,0] 8,4 7,3 132 3 
0,50 15,1 | 19,3 |129,6 8,1 6,2 113 6 
1,0 16,8 | 22,0 |129,6 5,4 4,1 74 40 
Loam with a — i i he ee be 0,4 0,4 100 1,3 
high carbonate 0,25 20 ,salbate2 14572 250 AF 425 Ai 
content 0,5 19,4} 9,0 |415,0 2,9 pe 525 0.5 
1,0 19,6 | 9,0 |4141,0 y es rg | 525 1,0 
Kaluga lime~ — Ta) cote O Nit lO | Zone 22,1 100 100 
stone 0,5 9.8 139-8 1115,2.1. 36,9 32,0 145 4—5 
1,0 8,5 — |130,0 on, 43,9 199 3 
2,0 8,0 | 27,9 |130,0 | 113,4 87,2 395 0,4 


“*W is the maxiiuum saturation by capillary imbibition, in per cent on the dry soil; 
P"1y (c) is the plastic strength of the hydrophobized soil in the saturated state; P¥, (0) 
is the corresponding value for nonhydrophobized soils. 


TABLE 3 


Characteristics of the Soils Tested 


Fraction composition,in weight Plasticity limits, 


; ; ; Optimum 
ffraction of particle size P 
Soil FORERA SHIP DL Ri, PRACT uM i moisture 
<bu |5—50u | 50-2502 | >250n upper | lower | Content 
| in To 
Surface carbonate~ 
free clay from 
Cheremushki 40,8 | 38,3 20,4 0,5 6,0 40,2 18,4 |417,0—17,9 
Khar’kov loess 42,9 | 38,1 19 - 7,8 37,9 17,9 19,8 
Leningrad clay 
from “Krashaia 
Zvezda" site qSe1e 1 75,9 6,0 — 0 30,0 19,8 17,9 
Loain {rom Shurchi 9,2 | 82,34 8,5 =~ 7,6 29,3 20,0 Pigs 
limestone 4,8 
Ralege 39,3 50,9 872 — = 11,0: 


The experiments showed that the greatest decrease of the rate and amount of water imbibition OCRrs 
at sodium oleate concentrations above those corresponding to the maximum decrease of the optimum molsture 
content; therefore the samples for studies of the hydrophobizing action of sodium oleate were prepared at the 
same moisture coutent, corresponding to the optimum value for soil without additives. The strengthening eirent 
of the surface-active additive is also observed in this concentration region, and it becomes particularly apprecl- 
able in the course of time, during subsequent structure formation, especially in a saturated-vapor atmosphere, 


rather than directly after compaction. 


The results of tests on a number of soils and mineral powders are given in Tables 2 and 3. The samples 
were tested for water absorption and impregnation rate in the air-dry state after preliminary exposure for 2-3 
months to an atmosphere of constant humidity (y = 80%), .until their strength ceased to increase with time as 
the result of structure formation. 


It is clear from the results that addition of sodium oleate to soils or mineral powders before compaction 
at optimum moisture content decreases their rate of water impregnation; this is especially prominent for 
carbonate materials. The hydrophobizing influence of sodium oleate also manifests itself in increased water 
resistance of the compacted soils. 


SUMMARY 


1. The plastifying and hydrophobizing effects of sodium oleate, introduced into soils before composition, 
were studied. 


2. In the case of fine-grained soils,the optimum moisture content is decreased by about 10% (1.5-2.0% 
absolute) in the concentration range corresponding to the formation of ionic—molecular adsorption layers of 
sodium oleate, and the strength of the compacted soils increased (by 30 to 90%), for the same work of compact- 
ing. 

3. The hydrophobizing action of sodium oleate consists of retardation of water absorption and an increase 
of the water resistance of the compacted soils; these effects are more stable in carbonate soils and mineral 
powders owing to the formation of chemically bound adsorption layers of calcium soaps 


These results are in accordance with the theories of P. A. Rebinder and his school concerning the mech- 
anism of structure formation in soils and the significance of the nature of the adsorption layers on the particles 
of the disperse phase in compaction and improvement of their constructional characteristics. 


The All-Union Road Scientific Research Institute Received March 10, 1957 
Moscow 
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STRUCTURE FORMATION IN THE COURSE OF HYDRATION HARDENING 


OF CALCIUM SULFATE HEMIHYDRATE (PLASTER OF PARIS) 


E. E. Segalova and V. N. Izmailova 


Plaster of Paris, considered as an individual cementing material, is of special interest in studies of the 
physicochemical basis of setting and hardening processes, and in clarification of the mechanism of these pro~ 
cesses, which is still obscure, even for the simplest monomineral cements. Hydration hardening, i.e., hardening 
under the influence of water, essentially depends on the conversion of a primary cement containing little or no 
water into a new hydrated substance. The existing theories of hardening are largely concerned with the mech- 
anism of the hydration reaction itself, and with the cause of the high supersaturations found in cement- water 
systems [1, 2]. 


Most workers [2] agree with the founder of the first theory of gypsum hardening, Le Chatelier, that 
supersaturation on the system plaster of Paris~water arises by dissolution of the original plaster, the solution of 
which is supersaturated with respect to the stable hydrate, gypsum. These concepts have been developed most 
fully by Zabezhinskii, Ratinov, and Rozenberg [3], who showed that the duration of the hydration reaction de- 
pends on the degree of supersaturation in the plaster suspensions, while the accelerating or retarding influence 
of electrolytes, which had not been conclusively explained previously [4], consists of their effect on the solubilities 
of the original unstable hemihydrate and of the dihydrate formed. These investigations showed that the con- 
cept of the dissolution of plaster with formation of stable supersaturated solutions, the plaster content of which 
can be regarded as the conventional "solubility" of the original compound, is a very valuable concept which 
can be used for quantitative description of the hydration process and for control of its rate. 


However, studies of the hardening process should not be confined to clarification of the hydration mech- 
anism, as crystallization of the new hydrate need not lead to the formation of a strong product, which is the 
direct goal in cement hardening in building technology. Unfortunately, the question of the origin and course 
of development of the crystallization structure has not been studied from the physicochemical aspect. The 
only publications in the literature deal with microscope studies of the structure of hardened gypsum [5], and 
with attempts to correlate its hardness with the dimensions of the dihydrate crystals formed. The information 
available is contradictory; increase of strength has been attributed both to increase [4] and to decrease [6] of 
crystal size. 


The question of crystal concretion, the nature of the contacts between the crystals in the formation of 
a crystallization structure, and of the influence of the conditions under which the dihydrate crystallizes on the 
strength of the structure, were first studied by P. A. Rebinder and his associates [7-10]. 


The purpose of the present investigation was to determine the laws and mechanism of forination of the 
crystallization structure formed in the hardening of plaster. 


The material studied was the B-form of calcium sulfate hemihydrate, containing 99.7% CaSOx ° we H,0. 
The experiments were performed with suspensions containing a large amount of inert filler and finely ground 
quartz sand, in addition to the plaster. In the presence of an inert filler in the plaster suspension it is possible 
to obtain thigh values of the water—plaster (W/ P) ratio without demixing of the suspensions, and thereby to re- 
tard structure formation, so that the mechanism of the process is much easier to study. 
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In accordance with the usual procedure in our laboratory, the course of structure formation was studied 


by determinations of the increase in the plastic strength of the structure forming in the suspension. A cone 
plastometer [7] was used for the purpose. The prepared samples (30% of plaster and 70% of ground quartz sand, 
with 50% water on the weight of the dry mixture) were kept in desiccators over saturated calcium sulfate solu- 


tion. 


Figure 1 shows that structure formation in plaster suspensions proceeds in three stages: at the est stage 
the plastic strength of the system is very low (~1.5 g/cm), and increases relatively slowly. 4 pre epee ee 
after the mixing the second stage begins; this is a very rapid increase of strength, which reaches its dela Sin 
value (15 kg/cm), tens of thousands of times as high as the original, after 30 minutes. Then, if the suspension 
is kept in présence of moisture, the strength decreases slowly (third stage). The different nature of the structures 
formed in plaster suspensions at the first and second stages is clearly revealed in studies of the influence of mech- 
anical forces on the properties of these structures. 


2, kg/cm? 
1S 


10 

5 

WENT RZO GOL OT 41 J 10 
Minutes Hours Days 


Fig. 1. Course of structure formation in a suspension _—‘ Fig. 2. Increase of plastic strength Pr of the struc- 


containing 30% plaster, 70% sand, and 50% water on ture in suspensions of 30% plaster, 70% ground quartz 
the dry mixture. , sand, and 50% water on the dry mixture (W/S = 0.5), 
with breakdown of the structure at different stages of 
The course of structure formation in plaster its formation: 1) original suspension ground for 1-3 
suspensions subjected to additional stirring at dif- minutes when mixed; 2) the structure was again stir- 
ferent stages of structure formation is shown in Fig. red for 2 minutes at the end of 5 minutes; 3) ditto, 
2. Mechanical breakdown (stirring) of the structure at the end of 7 minutes; 4) ditto, at the end of 12- 
formed at the first stage does not affect either its 14 minutes. 


strength or the the strength of the crystallization 

structure which subsequently developed in the suspension (Fig. 2, Curve 1). At this stage the suspension con- 
tains a coagulation structure of particles of plaster, sand, and of nuclei of the new dihydrate phase, but as yet 
there is no continuous crystallization framework; its formation and growth are associated with the rapid in- 
crease of plastic strength. If the suspension is now stirred again, the crystallization structure now present in it 

is broke down irreversibly, ‘and the structure formed during subsequent hardening is much weaker (Fig. 2, Curves 
2 and 3). 


It must be noted that stirring of the suspension 12-15 minutes after it is mixed not only causes irreversible 
breakdown of the crystallization structure formed by that time, but also prevents the development of such a 
structure later (Fig. 2, Curve 4), although the hydration process at the second stirring of the suspension (after 
12-15 minutes) is far from complete. Therefore in this case,also,the continuing hydration of plaster is unaccom- 
panied by hardening. 


Under normal conditions, when a crystallization structure forms in plaster suspensions, the instant when 
this structure reaches its maximum strength coincides with the end of hydration, i.e., the conversion of all the 
plaster into the dihydrate. This was demonstrated by parallel determinations of the course of strength increase 

and of hydration (as shown by the evolution of heat) [8]. Figure 3 shows the results of one such experiment, 
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for a suspension containing 30% plaster, 70% sand, and 50% water on the dry mixture. This result is in full agree- 
ment with earlier data [11] and shows that the strength increase of the crystallization structure is caused by crystal- 
lization of the dihydrate, and ceases when that process is completed. The usual prolonged hardening of plaster 
se hil which led Baikov [1] to conclude that the end of hydration and the end of hardening do not coincide 

tn time, isin reality due to the increase in the hardness of the gypsum structure during drying. 


z,, kg/ cm2 


100 
f 
0 
0 J 407 min 0 i fimin 
Fig. 3. Parallel determinations of the course of heat Fig. 4. Course of structure formation in plaster sus- 
liberation (1) and of structure formation as indicated pensions: 30% plaster, 70% ground quartz sand, and 
by the increase of plastic strength (2), in suspensions 50% water on the dry mixture; 1) at 25°; 2) at 70°. 


of the same composition as in Figs. 1 and 2. 


p,kg/cm*® 
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Fig. 5. Course of structure formation in plaster suspensions as a function of the nominal speci- 
fic surface of the original plaster; 1) 3060 cm*/g; 2) 7180 cm?/g; 3) 12000 cm’/g; 4) 
15000-18600 cm’*/g. Water content (W/S ratio): a) 0.3; b) 0.6; c) 2.0. Composition of sus- 
pension: 30% plaster + 70% groundquartz sand + water. 


565 


The influence of conditions of crystallization of the dihydrate on the strength of its crystallizatiou struc- 
ture was studied in experiments in which the temperature and the dispersity of the original plaster were varied, 
and dihydrate was added to the suspension. 


It is known [4] that much higher supersaturations are reached in the hydration of plaster at 25° than at 
70°, and therefore larger dihydrate crystals are formed at 70°. This was confirmed by direct microscopic ob- 
servations, and also by sedimentation analysis of the dihydrates formed at 25 and 70°. Figure 4 shows that un- 
der these conditions large crystal size corresponds to high strength of the crystallization structure. 


For determination of the influence of particle size, the original plaster was ground in a 3-liter vibratory 
4M-10 mill (at 3000 vibrations per minute). The course of structure formation was studied at different W/S 
ratios. The results for three of these are given in Fig. 5. It should be noted that hydration of the plaster was 
complete in all the experiments; this was confirmed by parallel determinations of heat evolution in these sus- 
pensions. It follows from Figs. 5 and 6 that the strength of the crystallization structure as a function of the dis- 
persity of plaster of Paris [9] passes through a maximum at Spom = 1200 cm?/ g,irrespective of the water content 
of the suspension. Further increase of the dispersity of the plaster to 15000 cm?/g and over results in a decrease 
of strength, but the value remains higher than the strength of the structure at Snom = 3060 cm?/ g. 


Observations under the microscope showed that the size of the dihydrate crystals decreases with increas- 
ing dispersity of the original plaster. Thus in these experiments, in contrast to the preceding, strength increase 
of the crystallization structure is associated with a decrease of the crystal size. 


The experiments revealed very clearly the charac- 
ar kg/cm? teristics of the strength decrease of the crystallization 
structure of gypsum when stored under moist conditions. 
The process was characterized by the ratio of the strength 
of the structure 45 minutes after preparation, (Pyp),5, to 


the maximum strength Rectas ae 


(F,, 
160 


140 


ae The higher the water content of the suspension, 


i.e., the more porous the crystallization structure and 
the higher the dispersity of the original plaster, the 
more rapid is the spontaneous strength decrease of the 
crystallization structure (Fig. 7); for Spom = 3060, at 
W/S = 2.0{Pm)as/(Pm)max is 0-4, whereas for Spom = 
7180 the value decreases to 0.2. This strength decrease 
is irreversible, and persists after drying. These experi- 
ments provide an explanation of the fact, known from 
practical experience [4], that gypsum samples kept un- 
der moist conditions have lower strength after drying 


100 


0 ; $ o @ Snom.cmn’/g : than samples dried immediately after hydration. 
- 108 For studies of the influence of added gypsum 
Fig. 6. Variation of maximum strength of structure (dihydrate) on the strength of the structure formed in 
with the dispersity of the original plaster in suspen- hardening, mixtures containing different amounts of 
sions containing 30% plaster and 70% ground quartz ground quartz sand and gypsum were added to a standard 
sand at various W/S ratios. suspension containing 30% of hemihydrate. It is clear 


from Fig. 8 that small amounts of the dihydrate merely 
accelerate hardening without lowering the strength of the crystallization structure. On further increase of the 
dihydrate content in the suspensions, acceleration of the process is accompanied by a sharp decrease in the 
strength of the hardening structure. When half or all of the sand is replaced by dihydrate, the strength of the 
crystallization structure is decreased 30~ to 60- fold as compared with the normal strength of hardened plaster 


with sand, without added dihydrate. Hydration of the hemihydrate was com plete in all cases; this was con- 
firmed by determinations of heat evolution. 


These experiments demonstrate most convincingly that hydration of plaster, even in fairly concentrated 
suspensions, need not result in the formation of a hardening structure; this requires the formation of stable crystal- 
lization contacts — sites of direct concretion = between the individual dihydrate crystals. It seems that in 
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BEERS ORS of large amounts of added dihydrate in the plaster suspension the conditions necessary for the forma- 
tion of such contacts do not arise. The presence of the dihydrate should influence the magnitude and the varia- 
tion of the supersaturation in suspensions of calcium sulfate hemihydrate. 


Figure 9 shows the course of variations of supersaturation,as 
(Pin) as . shown by changes in the conductivity, in a suspension of hemihydrate 
(Pmax in presence of added dihydrate. 


The conductivity was determined by the usual method, with the 
use of alternating current, at the optimum stirring rate (400. r.p.m.). 
The dihydrate was introduced into the suspension during its preparation. 
Crystals of the dihydrate, which are capable of acting as crystallization 
Q5 centers, accelerate the crystallization of gypsum from the supersaturated 
solutions present in the suspensions, and thereby accelerate the whole 
hydration process. It is clear from Fig. 9 that the time during which 
maximum stable supersaturation persists in the suspension decreases with 
increase of the amount of dihydrate added, and when the amounts added 
¢ Q3 W 1SW/S are large, the upper limit of supersaturation is not reached at all and 


; ne ‘the supersaturation of the suspension decreases rapidly. 
Fig. 7. Variation of (Pr)45/@m)max P tes praty 


ratio with the water=solid ratio. Analysis of the experimental results leads to the following con- 
clusions. In contrast to the unstable coagulation structures, in which 

the particles are held together by van der Waals forces, the strength of crystallization structures is determined 

by the formation of stabie crystallization contacts between individual crystals. The experimental data presented 

in Figs. 9 and 10 show that such contacts can be formed if a definite degree of supersaturation is maintained in 

the suspension for long enough. This occurs in concentrated suspensions of plaster of Paris or other mineral 

cements which interact with water to form solutions supersaturated with respect to the stable hydrates of the 
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Fig. 8. Course of structure formation in suspensions contain~ 
ing 30% hemihydrate and various amounts of sand and dihydrate, 


W/S = 0.6. 

Curves 1 y 3 4 by) 6 7 
Sand, % 7 6S 65 "OU" "Ove 20 0 
Dihydrate, % 2. Oy UD a0 vaues 10 


respective compounds. If no appreciable supersaturation arises in the suspension, or if the supersaturation per~ 
sists for only a short time, as, for example, in the presence of large amounts of added dihydrate, a crystalliza- 
tion structure is not formed and hydration merely leads to growth of free crystals of the dihydrate. 
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This is the case in the experiments represented in Fig. 2. Additional stirring of the suspension 12-15 
minutes after its preparation almost completely prevents further structure formation, although the pele hes 
process is not yet complete. The explanation is that by the time of the second stirring and Pega already 
contains so much newly formed dihydrate that further dissolution of the hemihydrate in the suspension cannot 
maintain appreciable supersaturation. Therefore under these conditions only the existing dihydrate cyrstals 
grow, but crystallization contacts between them are not formed, i.e., a hardening structure does not form. If, 
however, the suspension is not stirred again (Fig. 2, Curve 1), its strength continues to increase rapidly, and the 
process terminates only when all the hemihydrate has been converted into the dihydrate. 
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Fig. 9. Variations of conductivity in suspensions containing 25 g of hemi- 
hydrate in 500 ml of water with additions of dihydrate: 1) 0; 2) 1g; 3) 
3g; 4) 10g; 5) 20g; 6) 25 g; 7) 50g; 8) 75 g; 9) 100 g. 


This means that at the beginning, when a high degree of supersaturation is still maintained in the plaster 
suspension and crystallization contacts can be formed, the skeleton of the crystallization structure is formed; 
subsequently, when the degree of supersaturation is not high, the individual crystals of dihydrate forming the 
skeleton grow. it is found experimentally that this process is also accompanied by strengthening of the crystal- 
lization structure. 


High degrees of supersaturation are maintained in the liquid phase of the suspension so long as the loss 
of substance from solution as the result of crystallization is balanced by dissolution of the original substance. 
The higher the dispersity of the plaster, the greater is its total solution rate and the greater is the time (as a 
fraction of the total hydration time) during which a bigh degree of supersaturation is maintained in the sus- 
pension, with favorable conditions for the formation of crystallization contacts. Therefore the strength of the 
crystallization structure increases with increasing dispersity of the original plaster. However, the strength of 
the hardened structure increases with the dispersity of the original plaster only up to a certain limit, 12000 
cm?/g for the plaster studied, beyond which the strength decreases. This shows that if a high degree of super- 
saturation is maintained too long, as in this instance, conditions become unfavorable for crystallization-struc- 
ture formation, probably because of the formation of a large number of very fine crystals of dihydrate in con- 
ditions ‘unfavorable for their growth. 


Crystallization contacts, which are regions of direct concretion of the newly formed crystals, must in- 
evitably have a deformed crystal lattice, as they join crystals of completely random orientation. It is known 
that crystals with deformed, stressed lattices have excess free energy, and therefore, higher solubility than cor- 
rectly formed,unstressed crystals [12]. Therefore crystallization contacts, which are not in thermodynamic equi- 
librium and have higher solubility, cannot be in equilibrium with correctly formed and not excessively-small 
crystals of the dihydrate, Therefore, when the structure is kept under moist conditions, recrystallization pro- 
cesses occur, in which the contacts dissolve and free crystals grow. These processes are accompanied by an 
irreversible decrease in the strength of the crystallization structure of the gypsum, the decrease being more 
rapid. at higher porosities of the structure and higher initial dispersities of the hemihydrate, i.e., with greater 
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densities of the crystallization contacts in the structure. Such spontaneous breakdown of crystallization structures 
is more difficult to observe in ordinary plaster samples without filler, where the process is very slow because of 
eS relatively low porosity. To accelerate the recrystallization processes, samples of hardened plaster were sub- 
jected to repeated alternate wetting and drying (without leaching of the gypsum). It was assumed that when the 
samples were wetted, the crystallization contacts should dissolve first, and on drying, the substance should crystal- 
lize on the regular crystal faces, with a consequent decrease of strength. The results of the experiments con- 
firmed this assumption (see table). After the first wetting the drying the strength increased somewhat, probably 


because of the dissipation of possible stresses on moistening. Subsequently the strength fell continuously and 
irreversibly. 


arn of the Number of Repeated Wettings on the Com- Similar results are obtained when plaster sam- 
pressive Strength of Plaster Samples (2 x 2 x 2; W/P= ples are kept for a long time in their own saturated 
0.6) solution. 


Thus, the low water resistance of plaster articles, 
which is usually wrongly attributed to the high solu- 
bility of gypsum, is in reality observed even when 
dissolution does not occur, and is the consequence 
of recrystallization of crystallization contacts which 
are nat in a state of thermodynamic equilibrium. The 
irreversible decrease of strength caused by such recrystallization must be distinguished from the reversible low- 
ering of plaster strength caused by adsorption. 


Number of wettings 
Compressive strength, 
kg/cm? 


The enormous role of stable supersatiration in the formation of the hardening structure shows that crystal- 
lization hardening in suspensions of highly disperse calcium sulfate dihydrate, which has been recommended as 
a peculiar type of bonding material [13], is impossible, because the degrees of supersaturation which might be 
reached in the suspension from the colloidal fraction cannot be achieved because of the enormous amount of 
dihydrate present. Therefore recrystallization of the colloidal particles cannot lead to the formation of crystal- 
lization contacts under such conditions. The strength of such systems, as of clays, if their density is high enough 
is the consequeuce of removal of water during drying, and the resultant strengthening of coagualtion contacts 
between the crystals when they are very close together. 


It is known that such structures, in contrast to crystallization structures, have no water resistance, i.e., 
they lose strength completely when wet. 


SUMMARY 


1. A study was made of structure formation in suspensions of plaster of Paris, and the influence of the 
crystallization conditions on the strength of the crystallization structure of the dihydrate. 


Structure formation in plaster suspensions proceeds in the following three stages; 


a) the induction period, during which a coagulation structure composed of small crystals of the original 
hemihydrate and of newly formed dihydrate crystals is formed in the suspension; 


b) formation and growth of a dihydrate crystallization structure; this, in contrast to the primary coagula- 
tion structure, is irreversibly broken down by mechanical forces; 


c) strength decrease of the crystallization structure during storage under moist conditions, as the result 
of recrystallization effects. 
2. The crystallization structure is formed as the result of recrystallization of dihydrate from supersaturated 


solution, with formation of stable crystallization contacts or points of direct concretion between the crystals, 
The strength of the crystallization structure ceases to increase when the hydration process, i.e., the crystalliza- 


tion of the dihydrate, is complete. 


3. Crystallization structures, i.e., hardened structures, are thermodynamically unstable and break down 
spontaneously and irreversibly in presence of moisture as the result of crystallization processes which lead to 
dissolution of the crystallization contacts — the regions of crystal concretion. 
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4, The strength decrease as the result of recrystallization processes is greater at higher porosity (higher 
W/S ratio) of the structure and higher dispersity of the original plaster (higher density of crystallization contacts 
in the structure). 

5. The strength of the crystallization structure as a function of the specific surface of the original plaster 
passes through a maximum; for the plaster studied, this is found at Spom = 12000 cm?/g. The strength increase 
is the result of better conditions for formation of crystallization contacts, as high degrees of supersaturation can 
be maintained for longer periods in the suspension with increase of the dispersity of the original plaster. The 
fall of strength on further increase of dispersity is the consequence of the excessively small size of the dihydrate 
crystals formed. 

6. Additions of dihydrate, which act as crystallization centers, accelerate dihydrate crystallization and 
therefore the hardening process, Small amounts of added dihydrate, which have hardly any effect on the ex- 
tent and duration of the supersaturation, shorten the induction period of structure formation without decreasing 
the strength of the structure formed. Large amounts decrease the strength of the crystallization structure, as 
the degree and duration of the supersaturation decrease in their presence, and the conditions for formation of 
crystallization contacts are therefore worse. 
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EFFECT OF ADDITIONS OF A HYDROPHILIC PLASTIFIER*ON THE 
KINETICS OF STRUCTURE FORMATION IN THE 


HARDENING OF CEMENT*®* 
E. E. Segalova, R. R. Sarkisian, and P. A. Rebinder 


Extensive and diverse experimental and production data are available on the influence of hydrophilic 
organic surface-active substances such as sulfite alcohol waste liquor(SSB) on the properties of cement mixes, 
pastes, and concretes. These data indicate that small amounts of added SSB are highly effective for improve- 
ment of the technological and service properties of cements and concretes; in a number of cases it is possible 
to increase the strength, density, and durability, with considerable savings of cement [1}. 


Hlowever, the existing industrial and experimental data are often very contradictory. In a number of 
cases the effect of the additive was not the expected liquefaction and decrease of the water retention of the 
cement paste, but an increase; setting was greatly accelerated rather than retarded, and the mixes sometimes 
lost mobility so rapidly that they could not be used. Under suchconditions a normal cement is converted into 
the so-called "bystriak® (quick-setting cement) by the addition of SSR [2]. 


Accordingly, Shestoperov [3] classified high-alumina cements, which usually showed adverse results on 
addition of SSB, as unplastifiable. 


These contradictory results in the action of SSB on cements of different mineral composition may be 
explained in the light of our studies of the influence of surface-active additives on structure formation in sus- 
pensions of mineral cements [4]. It was shown that a Portland cement suspension passes through three stages 
during mixing. 


Stage I, the formation of a coagulation structure of cement particles and newly formed hydrates (this 
stage is generally very short in absence of a hydrophilic stabilizer); 


Stage I, the development of a continuous loose crystallization structure consisting of hydroaluminate, 
this causes rapid thickening of the paste; 


- Stage Ill, where mechanical breakdown of the hydroaluminate crystallization structure is followed by 
formation of hydrate crystals in the suspension. 


When the hydrophilic SSB additive is introduced, the first stage in the life of the cement suspension, 
before a crystallization structure of hydroaluminate is formed in it, is greatly prolonged. Mechanical break- 
down of the crystallization structure formed in presence of SSB is followed by thickening of the cement sus- 
pension in consequence of the great reduction in size of the newly formed substance (mainly hydro and sulfo- 
aluminate) owing to their adsorption of SSB during crystallization, This suggests that the water capacity of 
cement in presence of this additive depends on which stage the cement paste is at, and this in its turn depends 
on the conditions of preparation and the manner in which the additive is introduced. 


The mechanical properties of the cement suspensions were characterized by the plastic strengths as de- 
termined by means of the cone plastometer, while the water capacity was characterized by the value of the 
water--cement ratio (W/C) at which the cement pastes had the same initial plastic strength. 


*2lastifier", "plastification", etc., are special terms, and are not to be confused with “plasticizer”, "plasticiza- 
tion", which refer to softeners added to plastics. These terms are repeatedly used in papers by P. A. Rebinder. 


* *Paper at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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Two clinkers were used in the experiments: a low~aluminate clinker from the Komsomolets factory 
(KMS), and a high-aluminate clinker from the Armenian factory (ARM); their calculated mineral composi- 
tion and specific surface (calculated from the air permeability) are given in Table 1. 


facut The clinkers were ground in a laboratory ball 


mill; 5% of gypsum (dihydrate) was added during the 
grinding. 


Specific 
surface To obtain cement paste in Stage I, it was 
cm?/g mixed for 1-2 minutes, so that there was not enough 
time for a crystallization hydroaluminate structure 

to form, while to obtain Stage III paste it was stirred 
until the crystallization structure was broken down 
completely. The duration of stirring was greater with 
larger amounts of SSR added with the mixing water, 
and the stirring was ended only when the plastic strength reached a constant value, which remained without ap- 
preciable change on further stirring. Continuous rubbing of the suspension is not necessary, and it might lead 

to additional dispersion of the cement particles; it is merely necessary to prevent mechanically the formation 
of a continuous crystallization structure ‘in the suspension. 


Clinker 


4000 
3500 


ARM 
KMS 


In the preparation of Stage I and III cement pastes,the SSB was always added with the mixing water. 
Another method, introduced by S. V. Shestoperov to prevent quick setting, is to add the SSB after previous 
hydration of the cement. The cement is first mixed with somewhat less water than required for the given 
W/C ratio, and the rest of the water containing the SSB is added to the paste after 25-30 minutes of stirring. 


The course of structure formation in cement paste depends on the stage at which stirring of the system 
(mixing of the cement paste) ceases. If the stirring is stopped at Stage I, a crystallization hydroaluminate 
structure is formed very rapidly; this corresponds to the formation of a quick-setting cement. If the stirring 
is continued to Stage Ill, i.e., if the hydroaluminate crystallization structure is broken down completely, fur- 
ther increase of plastic strength is gradual, and is due mainly to hydrosilicate hardening, and the product is a 
normal-setting cement. 


The increase of plastic strength in cement pastes obtained after different times of stirring in presence of 
SSB is shown graphically in Fig. 1. 


The plastic strength of Stage 1 cement paste first falls sharply as the result of a lengthening of the in- 
duction period of structure formation in presence of SSB, but this decrease is succeeded by a sharp increase of 
plastic strength as the result of the formation of a crystallization hydroaluminate structure (Curve 2). 


If the SSB is introduced after previous hydration, the structure formation in the cement paste is greatly 
retarded (Curve 4). 


The plastic strength of cement paste at Stage III (Curve 3) is high at first because of the thickening in- 
fluence of the finelydivided newly formed substances, but after 3-4 hours the retarding effect of the additive 
on the hydration of silicate minerals prevails; structure formation in the latter largely determines the further 
course of the strength increase. The thickening effect of the additive on Stage III cement paste increases with 
the concentration of the additive up to a certain value which depends on the aluminate content of the cement.e 
Figure 2 shows that the higher the SSB content, the greater is the plastic strength of the paste during the first 
2-3 hours after mixing, but after this the position of the curves is reversed. 


If follows from Fig. 3 that the plastifying effect of the additive is greatest at Stage I, when the suspension 
‘is almost completely liquefied. The increase of plastic strength with > 1.0% SSB can be attributed to the 
formation of adsorption layers of considerable thickness on the cement particles. When cement paste is made 
in presence of SSB in Stage III, its plastic strength increases continuously with SSB content. Despite the wide 


range of SSB contents, no plastifying effect on the coagulation structure of the hydroaluminate could be de- 
tected. 


This mechanism of the action of hydrophilic additives on structure formation in cement pastes can be 
used in solution of problems relating to the optimum utilization of SSB as an additive to cement pastes and 
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3 r hours 


Fig. 1. Course of structure formation in cement pastes 
made by different methods; 1) Without additive, stir- 
red for 5 minutes; 2) with SSB, Stage I,stirred for 1 
minute; 3) with SSB, Stage II, stirred for 20 minutes; 
4) SSB added after previous hydration of the cement; 
ARM clinker; W/C = 0.27; 0.3% SSB added on the 
weight of cenvent. 


3 7 hours 


Fig 2. Course of structure formation in Stage III 
cement pastes with various amounts of added SSB: 
1) Without SSB; 2) 0.3% SSB; 3) 0.4% SSB; 4) 0.5% 
SSB. ARM Clinker; W/C = 0.26. 


concrete. In particular, it provides an explanation of the occasional acceleration of setting and of the in- 
crease of the water capacity of cement pastes resulting from the introduction of the additive. 


Setting is accelerated because a crystallization hydroaluminate structure is formed in presence of SSB 
in the cement paste, when Stage I is brief but longer than the time of stirring. 


The water capacity increases in cement suspensions for which Stage I is so brief that the crystallization 
structure which forms is broken down during the preparation of the paste, so that at the end of the mixing the 


paste is at Stage III. 


15 70 25%SSB 


Fig. 3. Effect of amount of SSB added on the plastic 
strength of cement paste; 1) At Stage I; 2) at Stage 
II. ARM Clinker W/C = 0.26, 


w/c +/00% a 


Wh cr 100% 


24 b 


Fig. 4. Water~cement ratios required for production 
of cement pastes of equal plasticity made by differ- 
ent methods in presence of SSB: 1) At Stage I; 2) SSB 
added after previous hydration of the cement paste; 
3) at Stage III; a) ARM clinker; b) KMS clinker; 
(Prdinit = 27 g/cm. 
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The water-cement ratios required for the production of ARM and KMS cement pastes of equal plasticity 
in presence of SSB are given in Fig. 4. The cement paste was made at Stages I and II, and also by introduc~ 
tion of SSB after previous hydration, The initial plastic strength was 27 g/ cm? for all the systems. The greatest 
plastifying effect, i.e., the greatest decrease of the water-cement ratio, is found when the cement paste is made 
at Stage 1; the minimum W/C ratio obtainable with complete stabilization of the suspension is independent of 
the mineral composition of the cement, and is 19% for both clinkers. The water~cement ratio can also be de- 
creased by previous hydration (Curve 2), but fairly large amounts of SSB are required to produce any substantial 
decrease. This is the consequence of the considerable differences between the cement paste at Stage I and the 
paste obtained with addition of SSB after previous hydration. The former is a fairly coarse suspension, and there~ 
fore small amounts of surface~active substance are sufficient to stabilize it completely. In the latter case,the 
paste already contains large amounts of highly disperse new material, so that the total surface of the disperse phase 
is much greater. Evidently very much more of the additive is required to stabilize such a suspension. 


The production of a cement paste of equal plasticity at Stage III in presence of SSB requires an increase 
of the water—cement ratio (Curve 3). In the case of ARM clinker it was not possible to reach the amount of 
additive which would lower the water—cement ratio at stage III. This was possible in the case of KMS clinker 
(Fig. 4,b, Curve 3). Addition of up to 0.2% SSB increased the water~cement ratio required for the formation 
of cement paste of equal plasticity, whereas additions of over 0.2% SSB decreased it. 


Deb e, 2 


Duration of Stage I in Presence of Different Amounts of SSB in 
Pastes from ARM and KMS Clinkers, for Initial Py, = 27 g/cm’ 


Duration of stage 1 in minutes, with different addi- 
tions of SSB (% on weight of cement) 


o 

My pak 
= 

rs) 0,4 0,2 0,3 0,5 1,0 | 1,5 | 2,0 
ARM — | 5-8; 15 20 40 90 100 
KMS 20 30 50 75 =| 200 — — 


The duration of Stage I (time from the start of mixing to the crystallization of newly-formed aluminates) 
for cement pastes made from ARM and KMS clinkers with different amounts of SSB is given in Table 2. 


The duration of Stage I is much greater, with equal amounts of SSB, for the low~aluminate KMS cement 
than for ARM cement. Stage I in the high-aluminate cement can be prolonged by an increase of the amount 
of SSB added. 


For investigation of the influence of different amounts of SSB, and different methods of their introduc- 
tion, on the hardening of cement, cement specimens were prepared with the W/C ratios indicated in Fig. 4, 
with constant initial plastic strength of 27 g/ cm’, and their strength was determined after 3, 28, and 90 days. 
The results of these tests are given in Figs. 5 and 6. 


The greatest strength increase, relative to the control specimens, was found in the specimens prepared 
at Stage I, However, this increase occurs only on addition of SSB up to a certain limit. Further increase of 
the amount of SSB results in a sharp fall of strength; the SSB content at which this occurs increases with in- 
creasing age of the specimens. In the case of cement made from KMS clinkers (Fig. 5,b) decreases of strength 
occur at much smaller additions of SSB than in the specimens made from the high-aluminate cement. The 
strength decrease during the induction period is replaced by a rapid increase, which ultimately results in the 
formation of a product of higher strength. 


The mechanism of the action of SSB is the same in both cements; the only difference is that the re- 
tarding effect of the additive is more pronounced, and occurs with considerably smaller amounts of SSB, in 
KMS cement. Whereas in the case of KMS cement 0.3% of SSB completely inhibits the strength increase of 
three-day specimens, 2.0% of SSB is required to produce the same effect in ARM cement of the same age. 
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The explanation is that SSB is strongly adsorbed by newly-formed aluminate minerals in the course of crystal- 
lization, and therefore the higher the aluminate content of the cement, the less of the additive is available 
for the silicate minerals. Indeed, if 3% of tricalcium aluminate (CgA) is added to the low-aluminate KMS 
clinker, considerably larger amounts of SSB must be added to decrease the cement strength (Table 3). 


Rk Rkg/cm2 


b 


oo. 20 IO SSB 0 as 10 JSSB 


Fig. 5. Effect of amount of SSB added on the strength of cement (R, kg/cm?) prepared 


at Stage I. Ages of cement specimens: 1) 3 days; 2) 28 days; 3) 90 days; a) ARM 
clinker; b) KMS clinker. 


Table 3 shows that after 3 days 0.3% of SSB inhibits the strength increase of cement made from KMS 
clinker without added CsA. The strength in this case is 50 kg/cm”. Cement containing 3.0% of CsA has a 


strength of 665 kg/cm? at the same age with the same amount of added SSB. The strength is similarly in- 
creased in presence of 0.5% of SSB. 


The curves for the variations of cement strength with the amount of SSB added after previous hydration 
(Fig. 6) are similar to the curves for Stage I cements, but they begin to descend at much lower SSB contents. 


kg/cm? K kg/cm? 


~ (0%SSB 
Fig. 6. Effect of amount of SSB added on the strength of cement (R, kg/ cm?) 


made by addition of SSB after previous hydration; ages of cement specimens: 
1) 3 days; 2) 28 days; 3) 90 days; a) ARM clinker; b) KMS clinker. 


The addition of SSB after previous hydration produces almost no strength increase in cement made from 
high-aluminate clinker; it was for this type of clinker that this method was recommended by S. V. Shesto- 
perov. 


Studies of the course of structure formation in cement pastes based on determinations of plastic strength, 
followed by compressive tests on hardened specimens, make it possible to follow the entire process of cement 
hardening from its earliest stages. In Figs. 7 and 8 the plastic strengths of the same specimens are conventional- 
ly plotted in the same graphs, which thus represent the effects of SSB. on the general kinetics of cement harden- 
ing. 
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The course of structure formation in cements made with equal water~cement ratios (W/C = 0.25) is 
plotted in Fig. 7. Figure 8 shows corresponding data for cements of equal initial plasticity (initial Ppy = 27 
g/ cm’). The cement paste with added SSB was made at Stage I, i-e., before the hydroaluminate crystalliza- 


TABLE 38 


Effect of Added C3A on the Strength of Cement 
Made from KMS Clinker in Presence of Added 


SSB, (Pry)init = 27 g/cm? 


Amount Compressive 
added ,% on strength in 
cement kg/ cm? at age 
weight W/C: fe) 
* 100% 
C.A | SSB 3 days |28 days 
| 
0,0 22,0 275 650 
0,3 19,5 50 640 
0,5 19,5 44 970 
— | 14,0 20,5 3 200 
3 | 0,3 19,5 665 850 
3 | 0,5 19,5 540 762 
Sui 150 20,5 52 400 


tion structure was formed. The strength in kg/cm? is 
plotted against the time of hardening; the plastic strength 
values determined by the cone plastometer are followed 
by compressive strengths of blocks. The transitions be- 
tween the two systems of determinations are represented 
by dash lines. The hardening curves for systems without 
added SSB each have a single S~bend. In these systems 
the crystallization structure of the aluminate minerals 

was broken down during the mixing. Appreciable increase 
of strength begins after 2-3 hours, mainly as the result of 
structure formation in the silicate component of the ce- 
ment clinker. Curves for systems with added SSB have two 
S-shaped bends. Addition of SSB lengthens the induction 
period of structure formation in the aluminate minerals, 

so that the first rapid increase of strength is caused by crystal- 
lization of the newly-formed aluminates. The formation 
of the crystallization structure of the hydroaluminate is 
largely complete after 3-4 hours. The second rapid in- 
crease of strength is caused by structure formation in the 
silicate component of the cement clinker. 


At constant W/C ratio (Fig. 7),Curve 2 lies above Curve 1 only at the earliest stages of structure forma- 
tion; the curves then intersect and the final strength of the hardened cement with added SSB is always lower 
than that of cement without the additive, for the same W/C ratio. 


fe / em? 

16 

12 

b&b 2 | 
4 | 


0 12 3 44 hours 


Fig. 7. Strength increase during hardening of cement, 
for constant W/C = 0.25; ARM clinker: 1) Without 
added SSB; 2) 0.5% SSB; Pyp) plastic strength of ce- 
ment paste; R) compressive strength of set cement. 


p, kg/cm? 


Ot 293 4 St hours 


Fig. 8. Strength increase during hardening of ce- 
ment, for constant initial plasticity; ARM clinker, 
initial Py, = 27 g/ cm?; ©) Without additive; 
W/C = 0.305; O) 1.5% SSB; W/C = 0.215; Pin) 
plastic strength of cement paste; R) compressive 
strength of set cement. 


At constant initial plasticity (Fig. 8), addition of SSB increases cement strength. The lower 3 and 7-day 
strengths can be attributed to the retarding effect of the additive on structure formation of the silicate com- 
ponent of the cement clinker. It should be noted that if the amount of SSB added to the high-aluminate ARM 
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cement is not large (0.3-0.5%), it is all adsorbed during the crystallization of newly-formed aluminate minerals 
and the silicate minerals harden normally, as if in absence of the additive. The data presented in Fig. 7 and 

8 emphasize once again that in presence of added SSB the strength of cement can be increased only by conden- 

sation of the structure, i.e., by decrease of the W/C ratio. Ata given W/C ratio, added SSB lowers the strength 
of cement as the result of retarded structure formation and additional entrainment of air. 


SUMMARY 


1, Cement paste passes through three stages in the course of mixing, the stages being more pronounced 
in presence of hydrophilic plastifier; I, an induction period before the formation of a crystallization structure 
of newly formed aluminates derived from the aluminate component of the Portland cement clinker (tricalcium 
hydroaluminate); I, formation and development of the crystallization structure of the hydroaluminate, mani- 
fested in the rapid thickening of the cement paste as the result of strengthening of this structure, which arises 
during the mixing; III, complete mechanical breakdown of the hydroaluminate crystallization structure dur- 
ing mixing. Crystallization of the newly formed compounds (i.e., hydration) continues, but the crystals do not 
coalesce. 


2. For a constant initial plasticity, the greatest decrease of the amount of mixing water can be obtained 
if the plastifier (SSB) is introduced with ‘the mixing water and the cement paste is laid down at Stage I. The 
duration of this stage increases with decrease of the aluminate content and with increase of the amount of SSB 
added. 


3. If the cement paste, containing plastifier added with the mixing water, is at Stage III during the mix- 
ing, the water capacity of the cement paste for a given initial plasticity increases with the dispersity and the 
aluminate content of the cement. 


4, The water—cement ratio can also be lowered by the addition of SSB after previous hydration, at Stage 
III, but the decrease is less than that . produced at Stage I. 


5. For a given water~cement ratio, the strength of cement with added plastifier is always somewhat 
lower than that of cement without the additive. An increase of cement strength in presence of SSB is achieved 
by decrease of the water—cement ratio, with constant initial plasticity. The highest strength increase is ob- 
tained if the cement paste is laid down at Stage I. 

6. In the case of high-aluminate cements,considerable increases of the amount of SSB from 0.2 to 0.5- 
-1% do not lower the final strength of the cement, as the additive is adsorbed by the newly formed aluminates 
on crystallization. It is therefore possible to lower the water~cement ratio and to increase the strength of ce- 
ment pastes and concretes based on high-aluminate cements with larger amounts of added SSB than usual. 


University of Moscow Received April 18, 1958 
Faculty of Chemistry 
Chair of Colloid Chemistry 
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KINETICS OF CRYSTALLIZATIONAL STRUCTURE FORMATION IN THE 
HYDRATION HARDENING OF TRICALCIUM ALUMINATE* 


E. S. Solovteva and E. E. Segalova 


Studies of structure formation in suspensions of tricalcium aluminate 3CaO * Al,O3(C,A) are of interest 
primarily because this mineral determinesthe behavior of Portland cement suspensions during the first few 
hours after mixing. The literature on tricalcium aluminate deals largely with its hydration products, their 
composition, stability, solubility, etc. [1]. The mechanism of hardening of CsA has not been studied as such. 
It is to this problem — crystallizational structure forma- 
2 tion in suspensions of tricalcium aluminate — that 


Pkg / cm? p,kg/cm ; ; ; ; 
iy 8/ mk B/ this paper is devoted; it represents one of the investi- 
25 gations performed in P, A. Rebinder’s laboratory [2- 

6 20t 9 9] on the physicochemical mechanics of cements. 

5 

3 ° The solid phase of the suspensions studied con- 

sisted of 1-5% CgA and 99-95% of finely ground quartz : 

3 sand used as an inert filler. The processes of struc- 

2 0 3-F Ttr hours ture formation ig such suspensions are determined by 

1 +o—~o—o the C3A, while the large amount of inert filler makes 


investigation of these systems easier. The prepared 
suspensions were put into special vessels and stored 
in a desiccator over water. 


30 50 zdays 


a & 6 8 AW ie 1h Oo. 


Fig. 1. Course of crystallizational structure formation 
in a suspension containing 5% C3A, 95% ground quartz For studies of the course of structure formation 
sand, and 50% water on the dry mixture; t = 16-17. in these suspensions and of their changes with time, 
their plastic strength was determined by means of 
the cone plastometer [2]. Figure 1 shows that the induction period of structure formation, during which a co- 
agulation structure of the original particles and newly formed crystals is formed in the CgA suspensions, is 
very short [3, 4]. The formation and development of a crystallization structure of tricalcium hydroaluminate 
results in a rapid increase of plastic strength. It must be noted that the strength curve generally shows a peculiar 
inflection during the first few hours; this is clearly seen in Fig. 1 on an enlarged scale. A continuous crystal- 
lization structure is formed in CA suspensions as the result of direct concretion of tricalcium hydroaluminate 
crystals, deposited from the supersaturated solution formed in the suspension, with the formation of a loose 
framework [5]. The hardened structure reaches its maximum strength simultaneously with the conversion of 
all the anhydrous aluminate into the hydrate, as is clear from Fig. 2. 


For determination of the amount of chemically bound water, a sample of suspension was covered with 
alcohol and thoroughly ground in a mortar. The resultant suspension was filtered and washed again with alcohol, 
and then with ether. The sample was dried at 105 and then heated at 800-900". 


Figure 3 shows the variation of the strength of the structure with the amount of tricalcium hydroaluminate 
formed in the suspension. The plastic strength and hydroaluminate content are expressedas percentages of their 


maximum values in the suspension at the end of hydration. 


*Paper at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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It follows from Figs. 2 and 3 that the strength increase is not proportional to the amount of hydroaluminate 
present in the suspension. The formation of hydroaluminate is very rapid at first, but the strength of the crystal- 
lization structure is relatively low. Thus,about 70% of the hydroaluminate is formed in the first 30 minutes, 
but the strength of the structure at this stage is only 30% of the maximum value. The hydration, very rapid at 
first, slows down (Fig. 2), and the gradual crystallization of the remaining 30% of the hydroaluminate results in 
a considerable strengthening of the initial weak crystallization. 
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Fig. 2. Course of crystallizational structure forma- Fig. 3. Variation of the plastic strength of the crystal- 
tion and hydration of C3A in a suspension containing lization structure with the amount of hydroaluminate 
5% CzA, 95% ground quartz sand, and 37% H,O on the formed in a suspension of 5% CgA, 95% ground quartz 
dry mixture; W is the amount of chemically bound sand, and 38% H,O. 


water, as a percentage on the weight of C,A. 


It was shown earlier [6,7] that the formation of the crystallization structure, i.e., of the hardened struc- 
ture, proceeds in two stages. During the first stage a fairly high degree of supersaturation is maintained in the 
suspension, and the newly formed crystals coalesce to form the framework of the crystallization structure. Dur- 
ing the second stage the degree of supersaturation is not high, new crystallization nuclei and crystallization 
contacts are not formed, and the crystals forming the framework of the crystallization structure increase in 
size. The ratio between the lengths of the first and second stages of structure formation is determined most 
easily by direct measurements of the course of supersaturation in the suspension with time, or by determination 
of the time at which mechanical breakdown (stirring) of the hardening suspension completely prevents the 
formation of a crystallization structure in it. 


After additional stirring, a crystallization structure can be formed again only if the degree of supersatura- 
tion required for formation of crystallization contacts still exists in the suspension [6, 8]. It is clear from Fig. 
4 that if the suspension is stirred 30 minutes after its preparation, the formation of a crystallization structure 
is prevented. The fairly high plastic strengths of suspensions stirred again after 30 minutes,or later,can be at- 
tributed to the thickening effect of hydroaluminate microcrystals formed in the suspensions by this time. These 
results show that the first stage of structure formation, during which the formation of crystallization contacts 
is possible, is brief in these suspensions. If the suspensions were not stirred again, the strength increases would 
continue for a long time, and would be complete only after 24 hours. 


Our determinations of the degree and variations of supersaturation in the aqueous medium of CsA sus- 
pensions [5] showed that when CgA dissolves, the nuclei of newly formed hydroaluminate crystals begin to form 
in the suspension at supersaturation below the maximum possible value, corresponding to the nominal solubility 
of anhydrous CsA. The hydroaluminate crystals form protective coatings on the surface of the original G3A 
particles, and the rate of solution of the latter is thereby greatly decreased. The transition between the first 
stage of structure formation, when a high degree of supersaturation is maintained in the suspension, to the 
second stage, when the supersaturation is no longer high, is associated with the formation of these protective 
films, which lower the solution rate of CsA and thereby decrease the degree of supersaturation in the suspension. 
Before the formation of the protective films the rate of solution of CsA is very high; a high degree of super- 
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saturation Is maintained in the suspension and very fine crystals of hydroaluminate are formed; these crystals 
coalesce to form the framework of the crystallization structure. Because of the very small size of the crystals 


constituting this structure, its strength is low, but increases greatly during the second stage of structure forma- 
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Fig. 4. Variation of the final strength of the crystal- 
lization structure with the time between the prepara- 
tion and the second stirring of the suspension. Com- 
position of suspension: 5% C3A, 95% ground quartz 
sand, 26% water. 


tion, when the crystals forming the framework of 
the crystallization structure grow at low degrees 
of supersaturation. The inflection in the strength 


t,hours 


Fig. 5. Course of crystallizational structure formation 
in a suspension containing 5% C3A, 95% ground quartz 
sand, and 37% water (1); course of the chemical bind- 
ing of water in the same suspension (2) (the amount 

W of chemically bound water is expressed as a percent- 
age on the weight of C,A); variation of the final 
strength of the crystallization structure with the time 
between the preparation and the second stirring of the 
suspensions (3). 


curve (Fig. 1) represents the formation of the frame- 

work of the crystallization structure, the strength of which then slowly increases as the result of crystal growth. 
This is seen particularlyclearly in Fig. 5; the inflection on the strength curve shows that the formation of the 
framework of the crystallization structure is completed after about 1 hour. In fact, if the suspension is stirred 
at this stage (Fig. 5, Curve 3), the crystallization structure breaks down irreversibly and the strength does not 
increase after this,despite the continuing hydration. In this case, because of the low degree of supersaturation, 
the free crystals already present in the suspension increase in size, but crystallization contacts are not formed 
between them. By the time framework of the crystallization structure has been formed, the hydration is 75% 
complete, while the strength is 40% of the final strength, which is reached after about 10 hours in this case. 

It must be pointed out that the final stages of structure formation, like the strength increase, are accelerated 
appreciably by even a small increase of temperature. 


After the strength of the crystallization structure has reached its maximum value, it begins to decrease 
if the specimen is kept in presence of moisture (Fig. 1), and a slow decrease of strength continues for a fairly 
long time. This strength decrease is caused by slow recrystallization of thermodynamically unstable crystal- 
lization contacts arising during the formation of the crystallization structure; this was demonstrated for sus- 


pensions of plaster of Paris [6, 8]. 


The course of structure formation in CgA suspensions with different water-solid (W/S) ratios is shown 
in Fig. 6. As W/S increases, i.e., as the structure becomes more porous, recrystallization becomes more rapid, 
and therefore the strength decrease under moist storage conditions is accelerated. For example, if the ratio of 
the plastic strength of the crystallization structure after 15 days of storage under moist conditions (P45) to the 
maximum strength reached at the end of hydration (Pyyax) is taken as a measure of the rate of strength decrease, 
it follows from Table 1 that this ratio decreases appreciably with increase of W/S. 


The strength of the hydroaluminate crystallization structure after the maximum value has been reached 
(at the end of hydration) can be raised by drying. Strength increase of drying, and strength decrease on moisten- 
ing, as the result of adsorptional decrease of strength, are reversible processes in coagulation structures [9] and 
in individual crystals [10]. In the case of the crystallization structure of tricalcium hydroaluminate, alternate 
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Fig. 6. Course of structure formation in suspensions 
containing 5% CgA and 95% ground quartz sand at dif- 
ferent W/S ratios; 1) 0.3; 2) 0.4; 3) 0.5; 4) 0.6; 

5) 0.7; 6) 0.8; 4%) 0.9. 


TABLE 1 


wetting and drying results in partially irreversible 
decrease of strength owing to recrystallization effects - 
dissolution of crystallization contacts and growth of 
regularly formed hydroaluminate crystals (Table 2). 


In the experiments the results of which are 
given in Table 2,the specimens were dried in a vac- 
uum desiccator to constant weight, and the wetting 
was performed in such a way as to avoid leaching of 
the hydroaluminate. 


The results in Table 2 show that the strength 
both of wet and of dry specimens decreases with in- 
creasing number of wetting and drying cycles. This 
effect is less pronounced at higher cement contents in 
the suspension or at lower W/S ratios, i.e., when the 
structure is denser. It also follows from Table 2 that 
the effect of wetting is to decrease the strength of the 
hydroaluminate structure approximately 2.5-fold. 
The greater decrease of strength on wetting observed 
by Shestoperov and Liubimova [11] can be accounted 
for by the fact that in their experiments the crystal- 
lization structure of the hydroaluminate was broken 
down ito a considerable extent even while the sus- 
pensions were being prepared. In such cases the co- 
agulation structure is responsible for a greater propor- 
tion of the strength, and that is why the strength fell 
sharply on wetting. 


Effect of W/S Ratio on the Rate of Strength Decrease in the Crystallization 
Structure of Tricalcium Hydroaluminate (composition of solid phase: 5% 
C3A + 95% sand) 


Pis/ Pmax| 0.775 


TABLE 2 


Effect of Alternate Wetting and Drying on the Strength 
of the Crystallization Structure of Tricalcium Hydro- 
aluminate (composition of suspension: 5% C3A + 95% 
quartz sand, W/S = 0.36) 


Pm, kg/cm? 


Wet and drying 


1 
aa dry specimen 


1 50 
2 45 
3 40 
4 35 
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This irreversible breakdown of the crystalliza- 
tion-structure framework during prolonged stirring of 
the suspension in the course of preparation introduced 
errors into the results of many workers who studied 
the hardening of C3A in suspensions without inert 
fillers [11, 12], It follows from Figs. 1 and 6 that 
the strength decreases very rapidly as the result of 
dissolution of the crystallization contacts in the crystal- 
lization structure of tricalcium hydroaluminate, 
despite the relatively low solubility of the latter. It 
was therefore natural to assume that recrystallization 
effects are accelerated in this instance as the result 
of transition of the unstable hexagonal tricalcium 
hydroaluminate, which is the direct hydration pro- 
duct of C3A, into stable form=cubic tricalcium alu- 
minate hexahydrate. The solubility of hexagonal 


hydroaluminate has been determined by a number of workers; the average value is 0.67 2 CA per liter. The 
solubatity of stable cubic hydroaluminate at various temperatures was determined by Peppler and Wells [13]; 
their value for 21° was 0.34 g CA per liter. 


Thus, in the crystallization structure of hex- 
agonal tricalcium hydroaluminate a considerable de- 
gree of supersaturation (0.67; 0.34) is maintained with 
respect to the stable cubic form; this initself can 
cause, not only relatively rapid dissolution of crystal- 
lization contacts in that structure, but also the forma- 
tion of a new crystallization structure consisting of the 
stable form of tricalcium hydroaluminate formed in the 
course of recrystallization. The transition of hexagonal 
to cubic tricalcium hydroaluminate is considerably 
accelerated by increase of temperature ([12]. There- 
fore, for prolonged observations of the influence of re- 
crystallization on structure formation in CgA suspensions, 
suspensions in which the formation of the crystalliza~ 
tion structure of hydroaluminate had been completed 
Fig. 7. Course of crystallization-structure formation and the strength began to fall were placed in a thermo- 
in a suspension containing 15% C3A, 85% of ground stat at 65° and kept under moist conditions. 
quartz sand, and 70% water on the dry mixture. The 


suspension was kept at 20° for the first 3 days, then at . meu be sei e gp alps sae 
65°. raised, the considerable acceleration of recrystal- 


lization first results in a sharp fall of strength due to 
dissolution of the crystallization contacts, which are thermodynamically unstable and therefore have higher 
solubility than the regular crystals of hexagonal hydroaluminate. 


5 W & 2 2&8 ws days 


Further increase in the amount of cubic hydroaluminate results in the development of a new crystalliza- 
tion structure, which reaches its maximum strength in the given suspension (Fig. 7) in 15 days. After the strength 
of this new hardened structure has reached its maximum value, it begins to decrease when stored under moist 
conditions as the result of recrystallization processes and dissolution of nonequilibrium crystallization contacts. 
The recrystallization processes are much slower in 
this case, as supersaturation is due only to the nonequili- 
brium character of the crystallization contacts, while 
in the former instance a high degree of supersaturation 
was ensured by the difference between the solubilities 
of the stable and unstable forms of the hydroaluminate. 


The formation of hexagonal hydroaluminate 
when the first crystallization structure is formed, and 
of cubic hydroaluminate when the secondary hardened 
structure arises in C3A suspensions, is confirmed by 
Fig. 8. Thermograms of samples taken from suspensions , both microscopic and thermographic investigations 
the course of structure formation of which is given in (Fig. 8). 
Fig. 7: a) Sample taken after 24 hours; b) sample 
taken after 15 days. 


SUMMARY 


1. A study has been made of the kinetics and 
strength increase in the course of crystallizational structure formation in tricalcium aluminate (CsA). 


2. Hydration processes, i. e., dissolution of anhydrous C3A and crystallization of the hydrate, give rise 
to a crystallization structure consisting of hexagonal crystals of tricalcium hydroaluminate. 


3. Recrystallization and transition of the unstable hexagonal hydroaluminate into the stable cubic form 
under moist storage conditions leads to spontaneous breakdown of this initial crystallization structure and to 
formation of a new structure consisting of the cubic form of tricalcium hydroaluminate. This process is con- 


siderably accelerated at higher temperatures. 
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4, There are two distinct stages in the formation of the initial crystallization structure. First a weak 
framework of the crystallization structure is formed, and later, when the dissolution rate of CA is retarded ow- 
ing to formation of protective hydroaluminate films on its surface, the framework is built up. Most of the sub- 
stance (~ 70%) becomes hydrated during the first stage, but the strength is increased mainly during the second 


stage of structure formation. 
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MECHANISM OF THE ACTION OF MIXED ADDITIVES FOR CEMENT, 
BASED ON A HYDROPHILIC PLASTIFIER 


Os 1. Luktianova and Ss. A. Dariusina 


It is known [1-6] that the setting time of cement can in a number of cases be successfully regulated by 
means of small amounts of surface-active substances, such as SSB lignosulfonates. It has been shown in P. A. 
Rebinder's laboratory by E. E. Segalova, R. R. Sarkisian, one of the present authors, and others that the decisive 
factor in this action is the induction period of hydration and structure formation in the cement suspension (paste), 
produced by the added SSB. However, this induction period is too short even with relatively high SSB contents; 
this is particularly true of high-aluminate, highly disperse cements which are being increasingly used in the 
production of prefabricated parts and constructions from quick-setting concrete. 


We found that the induction period is lengthened 5 to 10-fold if the mixing water contains, in addition 
to the hydrophilic SSB additive, small amounts (up to 1% on the weight of the cement) of alkali metal or 
ammonium salts with anions giving rise to sparingly soluble calcium salts. Not only does the cement retain 
its ability to set and harden at the end of the induction period, but in a number of cases these processes are 
intensified. 


The purpose of this investigation was to study the physicochemical mechanism of the action of mixed 
additives of this type, in order to determine the optimum conditions for their use. The studies were perform- 
ed with highly disperse high-aluminate cement from the*Gigant® factory, of the following mineral composi- 
tion: C3S — 49.1%; C2S — 25.2%; CsA— 12.1%; CyzAF~ 12.2%. The nominal specific surface of the cement 
determined by the air-permeability method, was 0.45 m?/g. 


For elucidation of the mechanism of action of the mixed additives, a study was made of the hydration 
and structure-formation kinetics in concentrated cement suspensions containing various amounts of the mixed 
additives and their individual components; the course of variation of their contents in the liquid phase of the 
suspensions was also studied. The course of hydration was studied calorimetrically at a constant rate of heat 
transfer. Kiselev'’s [7] calorimeter with an automatically regulated adiabatic jacket was used. The course of 
structure formation was studied by the cone plastometer method, described earlier [1, 2]. The concentrations 
of the components of the mixed additive in the aqueous phase of the suspensions were determined colorimetrical- 
ly (in the case of hydrophilic SSB additive) and by other analytical methods (for the inorganic salts used as 
the second component of the mixed additive). 


The second components of the mixed additive used for increasing the length of the induction period 
of hydration and structure formation were carbonates, oxalates, silicates, phosphates, and sulfates of alkali 
metals and ammonium. Since the anions of all these salts precipitate equivalent amounts of calcium from 
SSB solutions, in a number of experiments it was convenient to express the amounts of these additives in terms 
of equivalents of calcium lignosulfonates. The calcium in the SSB lignosulfonates was determined by con- 
ductometric titration [8]. The mixed additives were always introduced with the mixing water, and the con- 
tents of the individual components were varied between 0.1 and 2.0% of SSB on the weight of cement, and be- 
tween 0.5 and 10-15 equivalents of salts, relative to SSB. The expression of SSB concentration relative to the 


weight of cement is justified on physicochemical grounds [3]. 


The duration of the induction period of hydration and structure formation in cement is increased in 
presence of the mixed additives, as described below. 
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Variations of the length of the induction period (ro) with the inorganic salt content, with the same amount 
of SSB, are plotted in Fig. 1. In this instance the length of the induction period is taken to be the time from 
the preparation of the suspension to the start of the rapid increase of plastic strength P,, on the curves for the 
kinetics of structure formation. It is clear from Fig. 1 that salts with different anions have different effects on 
the length of the induction period. The anions can be arranged in the following series in order of their effec- 


tiveness: ; 
2— n2— ee I— — 
Coy > sil, > C,07 Puro > so; 


The nature of the cation is much less significant, as is clear from a comparison of Curves 1 and 2 in Fig. 1. 
Replacement of Ca?* ions in the SSB solution by equivalent amounts of alkali metal or ammonium ions has 


no significant effect on the strength of the induction period; Fig. 1 shows that this increases over the initial 


t, hours 
4 


, min 


0 / Z K,CO;, 7 
) / 2 3 4 equiv, 73a eauiv. 
Fig. 1, Length of the induction period of structure Fig. 2. Length of the induction period of structure 
formation in cement suspensions (W/C = 0.3; 1% formation in cement suspensions (W/C = 0.26) 
SSB on the weight of cement) containing mixed containing mixed additives; 1) 0.5% SSB; 2) 
additives; 1) NazCOs; 2) KgCOs3; 3) NaSiOg; 4) 0.25% SSB; 3) 0.1% SSB. 


KeC 204; 5) (NHy) gHPO,; 6) Na SO,. 


value (5 minutes for the given SSB content) only if the precipitant salt is added in excess. For example, in- 
troduction of three equivalents of KyCOg results in a tenfold increase Of ro. 


With further increase of the amount of precipitant salt,the induction period begins to decrease again 
after reaching a maximum value, as shown in Fig. 2. This behavior was found with all the amounts of added 
SSB studied; it was also found that the maximum induction period is reached at lower contents of the precipi- 
tant salt if the amount of SSB is decreased, and its absolute value becomes less. 


It has been shown [1, 2] that most of the SSB lignosulfonates introduced into a cement suspension during 
its preparation are adsorbed irreversibly on the original cement particles within a few minutes. Further ad- 
sorption, which proceeds at a considerably lower rate, is adsorption of SSB by the hydration products of the 
cement clinker minerals; this occurs slowly during the induction period. It is also known that the end of the 
induction period of structure formation and the start of the rapid increase of the plastic strength of the cement 
coincides in time with almost complete binding of the lignosulfonates. The length of the induction period 
therefore depends on the SSB content of the aqueous phase in the cement suspension. 


To determine the causes of the increase of the induction period in presence of the mixed additives, the 
changes of SSB lignosulfonate concentration in a cement suspension containing various amounts of potassium 
carbonate in addition to SSB were investigated. The effect of KygCOs on the course of binding of SSB is shown 
in Fig. 3; the primary effect is a decrease of the initial adsorption (a9) of SSB on the original cement particles, 
with a consequent sharp increase in the time required for complete binding of the SSB. The dash line represents 
the adsorption corresponding to complete binding of the SSB from the aqueous phase at the given SSB content. 


The decrease of a) in presence of KyCOs is greater with increase of the salt content, reaching a certain 
limit when the latter reaches KgCOg on the weight of cement. In Fig. 4, a_ the variations of ap are plotted 
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against the amount of KgCOg, present in suspensions 
containing different amounts of solid phase; it is 
seen that ag depends only on the amount of KyCO, 
relative to cement, and is not influenced, within 
the limits of experimental error, by the water-ce- 
ment ratio of the suspension. The abscissa axis in 
Fig. 4 shows the KyCO, contents after subtraction 

of the amount used in precipitation of Cs from 
SSB solutions. Therefore the direct cause of the in- 
crease of the induction period of hydration and struc- 
ture formation in cement suspensions containing SSB 
additive is the decreased adsorption of SSB on origi- 
nal cement particles under the influence of KgCOsg, 
and the corresponding increase of the lignosulfonate 
content of the aqueous phase in the suspension. 


Fig. 3. Binding of SSB lignosulfonates from the aque- 
ous phase in cement suspensions (W/C = 0.5; 0.75% 
SSB); 1) without K,CO3; 2) 1% K,COg, 


a, ng/g “ a ng/g b 


C=] 


0 as wap a oe o ai OLD 15 K,C0,,% 


Fig. 4. Initial adsorption of SSB (ag) in presence of KgCOg: a) 1% SSB; 1) W/C= 
= 2; 2) W/C=3; 3) W/C=4; 4) W/C=5; b) W/S=5; 1) 0.54% SSB; 2) 


The decrease of the initial adsorption of SSB, in its turn, is probably caused by adsorption of Cos. ions 

on the original cement particles, which changes the nature of their surface and their adsorption capacity for 

lignosulfonates. In particular, it is seen inFig.4,b that the adsorption of SSB lignosulfonates on cement parti- 

cles coated with a carbonate layer, in contrast to adsorption of fresh cement surfaces, reaches a limit even 

with relatively small amounts of SSB (less than 0.5% on the weight of cement). Figure 5 represents the course 

of binding of me ions from the aqueous phase of cement suspensions, based on determinations of the carbonate 
concentration by the volumetric gas method. The 
course of the curves in Fig. 5 shows that a certain 

J quantity of CO%~ ions, corresponding to about 1% 


ee fi K,CO3 on the cement weight, is taken up almost in- 
+3 1 stantaneously. The limit of the decrease of the ini- 
on tial adsorption of lignosulfonates, caused by KgCOsg, 
B ‘ is reached at the same K,COg content (1-1.5% or 
G& 6 96 107° g-ion CORT per g); this quantity corresponds 
& to the specific surface of the cement if a monoionic 
tod layer is formed. 
0 3 4 thours These facts, and the fact that ag is independent 
of the water—solid ratio, indicate that in this case 
Fig. 5. Binding of CO%~ from the aqueous phase of a protective CaCO, phase film is not formed on the 
cement suspensions (W/C = 5.0; 1% SSB): 1) 1% cement particles. In particular, if a phase film is 
KyCO3; 2) 2% KxCOg; 3) 3% KgCO3; 4) 2% SSB and formed, its thickness depends on the concentration 
3 KyCO3. 
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of the reagent solution [9, 10}; this is not so in the present instance. Only the surface of the cement grains 
is involved in the initial binding of CO%™, so that the process is adsorptional in character. The mechanism of 
formation of the adsorption layer is probably similar to that of formation of protective films of salts, and is a 


limiting case of the latter. 


Other salts which are capable of lengthening the induction period produced by addition of SSB also de- 
crease the adsorption of SSB by cement, but to a lesser extent than carbonates. This property is probably 
associated with their adsorption capacity for SSB, and decreases in proportion to the decrease of their 
ability to lengthen the induction period. 


The foregoing results suggest that the components of the mixed additives under consideration have the 
following functions. The salt anion, which forms an insoluble compound with calcium, is adsorbed on the 
original cement particles, and their adsorption capacity for SSB is thereby decreased. The SSB lignosulfonates 
present in the aqueous phase of the cement suspension inhibit hydration and structure formation, being adsorbed 
on the cement hydration products. Decrease of the initial adsorption a) with increasing content of KgCOs (or 
any other salt in which the anion is adsorbed by cement better than SSB is) has the same influence on the length 
of the induction period as an increase of the total SSB content in the cement suspension. The induction period 
is lengthened in both cases, as the time required to take up the SSB from the aqueous phase of the suspension 
is greater [11]. 


The length of the induction period depends not only on the lignosulfonate content of the aqueous phase, 
but also on the rate of binding of the lignosulfonates by the cement hydration products; this rate, in its turn, 
depends on the-hydration rate of cement in presence of SSB and the adsorption capacity of its hydration pro- 
ducts for SSB. To obtain an idea of the hydration rate of cement in presence of mixed additives during the 
induction period, the course of hydration was studied calorimetrically. The heat liberation in the hydration of 
high-aluminate cement was determined in presence of 0.1 to 1.0% of SSB and of 0.1 to 0.5% of KgCOs, on the 
weight of cement. 


Qcal/g a @cal/g b 


0 60 120 180° trmin 0 2 3 ¢ hour 


Fig. 6. Heat liberation in the hydration of cement with mixed additives; 

a) 0.5% SSB; 1) without additives; 2) SSB only; 3) SSB and 0.15% KyCOs; 4) 
SSB and 0.35% KyCOg; 5) SSB and 0.5% KyCOg; b) 0.1 and 0.259 SSB: 1) 0.1% 
SSB; 2) SSB and 0.4% KyCOg; 3) SSB and 1% K,COg; 4) 0.25%SSB and 0.5% 

kK, CO, 


The kinetics of heat evolution in the hydration of cement containing 0.5% SSB and various amounts of 
carbonate is plotted in Fig. 6,a. The shape of Curve 1, for cement without additives, indicates that the hydra- 
tion in this casecommences virtually without an induction period and at a high rate, which gradually decreases 
to a constant value. Addition of 0.5% SSB produces a short induction period (Curve 2), after which the hydra- 
tion is very rapid. The heat evolution is greater in this case than in absence of additives. This effect was 
reported by us earlier [11]; the explanation is that formation of protective films of hydration products on the 
cement particles is prevented. The length of the induction period increases with increased KgCOg content 
(Curves 3, 4, and 5 in Fig. 6,a). 


The induction period again becomes ‘shorter when the KgCOg content exceeds the optimum value; 
this is illustrated by Fig. 6,b (Curve 3), and is in harmony with the data on the kinetics of structure formation 
in Fig, 2. Comparison of Curves 3-5 (Fig. 6,a) and the Curves 2-4 (Fig, 6,b) shows that the quantity of heat 
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liberated during the induction period increases roughly linearly with time, and is similar for all systems. The 
same effect is produced by increase of the total SsB content of the cement suspension. The total quantity of 

heat liberated in the hydration of cement during the induction period increases with increasing SSB and K2COg 
content. Since the hydration of cement at the initial stages is largely determined by its aluminate component 


the quantity of heat liberated is proportional to the quantity of hydroaluminate formed in the hydration of the 
tricalcium aluminate in the clinker. 


As already noted ,the binding of SSB from the aqueous phase of the cement suspension during the induc» 
tion period depends on the quantity of hydration products formed; more precisely, on the quantity of hydro- 
aluminate. The adsorption of a surface~active substance dissolved in a liquid medium in which crystallization 
is taking place may occur on the crystalline substance at various stages of its formation, both on the crystal- 
lization nuclei, which are generally passivated as a result, and on the formed crystals of the new phase. 


From the results of our experiments on heat 
Qcal/g liberation and the data on the kinetics of the bind- 
ing of SSB it is possible to give a more precise pic- 
ture of the mechanism of SSB adsorption, based on 
the hypothesis that SSB lignosulfonates are adsorbed 
on the crystallization nuclei of the hydroaluminate, 
which are formed slowly and at a constant rate dur- 


rae ing the entire induction period. 


This hypothesis also readily accounts for the 
shortening of the induction period of hydration and 
structure formation if the amount of added potassium 
carbonate is increased above the optimum. 


0 / 2 SF thous 

Alkali-metal carbonates, which act as accel- 
erators of cement hydration and hardening under 
certain conditions, thereby assist accelerated bind- 
ing of SSB lignosiilfonates from the aqueous phase 
of the suspension by the cement hydration products, 
and hence shorten the induction period. 


Fig. 7. Heat liberation in the hydration of cement 

(W/C = 0.4; 6% CaSO,4- 2H,O) with mixed additives: 
1) Without additives; 2) 0.25% SSB; 3) SSB and 0.4% 
K,CO3; 4) SSB and 1% K,COg; 5) SSB and 20) KyCOg. 


The lower the SSB content of the system, the less is the absolute increase of the lignosulfonate concen- 
tration in the liquid phase of the cement suspension, caused by displacement of lignosulfonates from the ad- 
sorption layers on the original cement particles. Accordingly, the amount of KyzCOg3, which served as a hydra- 
tion accelerator, required for binding of SSB and shortening of the induction period is also less. This accounts 
for the displacement of the rg maximum in the direction of lower KgCOg contents with decrease of the amount 
of SSB added (Fig. 2). The mechanism of the action of alkali-metal carbonates as hydration and hardening 
accelerators for cement is not yet fully understood. However, this is an independent problem which is not 
considered in this paper. 


High-aluminate clinker without gypsum was used for our investigations of the action of mixed additives 
on the initial stages of hydration and structure formation in cement. In view of the practical importance of 
cement containing the normal amounts of gypsum, an additional series of experiments was performed with 
such cement; it was found that the mixed additives have the same effect as in the cement without gypsum. 
Figure 7 shows the course of heat liberation in the hydration of cement with a normal gypsum content (6% 
CaSQ,- 2H,O). As in the case of cement without gypsum, addition of SSB (Curve 2) results in an increase of 
heat liberation and the appearance of an induction period, which is longer in presence of KgCOg (Curve 3,4). 
in addition to the lengthening of the induction period in presence of the mixed additives, cement with a nor- 
mal gypsum content shows a strong increase of the hydration rate after the end of the induction period (Curve 
4,5). This effect, but less pronounced, was also observed in cement without gypsum (Fig. 6,b, Curve 3). In both 
cases the additional increase of heat evolution, above that produced by additions of SSB, is found only at high 
carbonate contents, after the maximum of the induction period has been passed. As already stated, in such 
systems some CO%™~ ions remain in the liquid phase of the suspension. Together with the formation of adsorp- 
tion layers of SSB on the surface of the original cement particles, this favors the hydration- accelerating effect 
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of carbonates. Under such conditions the formation of protective tilms or Microcrystalline nhydratlol products, 
or of reaction products of cement with carbonates, on the cement particles is unlikely. 


Tne mixed additives based on the hydrophilic plastifier are therefore of practical interest both for 
regulation of the setting time of high-aluminate cement, and for acceleration of cement hardening. 


SUMMARY 


1. Mixed additives, consisting of small amounts of hydrophilic SSB plastifier with alkali metal or am- 
monium carbonates (or of silicates, oxalates, and other salts which precipitate calcium), added to cement 
with the mixing water, give rise to an induction period of hydration and structure formation; the length of 
this period passes through a maximum with increase of carbonate content. 


2. The length of the induction period in presence of the mixed additives is determined by two factors: 
the SSB content in the aqueous phase of the suspension (the length increases with increase of SSB content), and 
the rate of binding of SSB during the induction period. 


3. The initial adsorption of calcium lignosulfonates on the cement particles, which determines the lig- 
nosulfonate content of the aqueous phase, decreases sharply in presence of carbonates down to a limiting value 
at relatively high carbonate contents (1-1.5% on the weight of cement). 


4, COg™~ ions, and probably also SiO0%~, C,0%~ ions, are adsorbed from the aqueous phase of the ce- 
ment suspensions in presence of SSB by the cement surface, forming monoionic layers; this lowers the adsorp- 
tive capacity of the cement for lignosulfonates. The excess of CO%™ ions, initially remaining in the aqueous 
phase, is slowly bound during the induction period. 


5. The rate of binding of SSB during the induction period, and the rate of cement hydration (as indicated 
by heat evolution) are low and almost constant during the induction period, with different contents of SSB and 
K,COg in the cement suspensions. This is due to the adsorption of SSB from the aqueous phase of the suspension 
on the hydraluminate crystallization nuclei as the latter are formed; this accounts for the induction period 
of hydration. 


6. Increase of the KyCOg content in the mixed additive is equivalent to increase of the initial SSB con- 
tent in the aqueous phase of the suspension, and after the limit of COZ~ adsorption has been reached it is also 
tantamount to an increase of the rate of binding of SSB during the induction period. 


The existence of a maximum induction period is the result of the combined influence of these factors. 
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INFLUENCE OF SURFACE*ACTIVE SUBSTANCES ON THE 
CRYSTALLIZATION OF TRICALCIUM 
HY DROALUMINATE*# 


N. G. Zaitseva and A. M. Smirnova 


The use of the tracer-atom method for determinations of the specific surfaces of powder involves a num- 
ber of difficulties. One of the chief difficulties lies in distinguishing between surface and internal exchange. 
This is especially true in determinations of the specific surface of cements, when hydration, i.e., dissolution of 
the original substance and crystallization of the newly formed hydrate, results in complete exchange of calcium 
ions between the solid phase and solution [1] at a rate proportional to the hydration rate, which is very high in 
a number of binding materials (lime, tricalcium aluminate). In such cases exchange within the depth of the 
solid phase is insignificant, because of the low rate of diffusion in solids. This is also confirmed by the fact 
that complete ion exchange is not found in newly formed hydrates, i-e., completely hydrated cements [2, 3]. 
If the recrystallization process could be greatly retarded, exchange within the bulk of the solid phase should 
be virtually excluded, so thatit should be possible to determine more correctly the extent of surface exchange, 
and hence the specific surface. Crystallization can be retarded either by considerable dilution, or by introduc- 
tion of various surface-active substances [4]. In the present investigation the surface-active additives used 
were saponin and lignosulfonates (SSB). 


As in our previous investigations, the radioactive tracer used as the Ca® ion in the form of calcium 
chloride;concentration of the calcium chloride solution was 0.125% 


The mineral was finely powdered and sifted through a screen of 250 mesh. The W/S ratios were 80, 40, 
and 5. The amount of exchanged calcium was estimated from the difference of activity between the original 
solution and the filtrate after it had been in contact with the powder for time r. 


The course of the isotope exchange is plotted in Fig. 1. The amount of exchanged calcium in the solid 
phase ACa in mg/g) is plotted against the time in minutes. Curve 1 was determined without surface-active 
additions, while the other curves were obtained in presence of various concentrations of SSB calcium lignosul- 
fonates and saponin. Each curve has two characteristic regions ~ a region of rapid exchange, and a region of 
slower exchange; these regions are more distinct in presence of surface-active substances. 


The initial region of the curve corresponds to rapid exchange of surface ions; this proceeds at the same 
rate in all cases, both without additives (Curve 1) and in presence of additives (Curves 2-6), and is virtually 
complete after one minute. Exchange within the solid, which we consider to be caused by recrystallization of 
all the original substance in the form of hydrate, also proceeds at a fairly high rate in absence of additives 
(Curve 1), and in presence of 0.5% saponin (Curve 2), so that its separation from surface exchange must be 
arbitrary. In presence of sufficiently large amounts of surface-active substances the exchange slows down 
sharply after 1 minute, and for a considerable time Curves 2-6 lie parallel to the abscissa axis. Sharp breaks 
therefore appear on the curves, so that it is possible to determine more reliably the amount of calcium cor- 
responding to surface exchange. 


The absence of exchange associated with crystallization of the hydroaluminate may be attributed to sup- 
pression of the growth of the forming nuclei by the adsorption layers of the surface-active additives. 
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The retardation of nucleus formation and growth by additions of lignosulfonates (SSB) and saponin in- 
creases with concentration of the additive. For example, with 0.01% of the additive (at W/S = 80) the ex~ 
change is retarded by 1-2 minutes, With 0.10% of the additive the crystallization is delayed by 2-3 minutes, 
and with 0.15%, by 5 minutes,after which the rate increases again. This provides satisfactory confirmation for 

the results of Luktianova, Segalova, and Rebinder 
[5], who showed that in presence of added SSB a 
Ac, ME/ g cement suspension remains in its initial state for a 
period which depends on the amount of additive, 
and which they defined as the induction period of 
hydration. 


It is known that additions of lignosulfonates 
(SSB) are widely used in cement production to im-~- 
prove hardening, workability, and compaction of 
cement [6]; it is therefore of interest to study their 
effects on variations of the specific surface in the 
course of hydration. Since it has been shown that 
surface-active substances retard crystal growth, it 


eagle Ss min seems likely that they should also have a consider- 
Fig. 1. Isotope exchange of calcium ions between tri- able influence on the dispersity of the solid phase 
calcium aluminate powder and calcium chloride solu- formed. We therefore determined the active speci- 
tion, in mg/g: 1) Without additives; 2) with 0.05% fic surface [7] of tricalcium aluminate in the course 
saponin; 3) with 0.01% SSB; 4) with 0.02% SSB; 5) of hydration, with and without added SSB. Figure 2 
with 0.15% SSB; 6) with 0.1% saponin. shows that each curve has a maximum. 


The maxima on Curves 1 and 2 correspond to 45 minutes of hydration time, while in Curve 3 it corresponds 
to a later time. The maximum specific surface S = 7 m?/g with a small amount of additive is lower than the 
maximum for hydration in water (S = 10 m?/g), but with a high concentration of additive it is higher than in 
water (S = 13 m?/g). Moreover, when the specific surface has reached its maximum value, it remains unchanged 

for a long time in presence of a high concentration 
of SSB. Thus, at W/S = 5 the surface decreases ap- 
5 m*/g preciably only after 48 hours of hydration, whereas 
I J in water the specific surface decreases from 10 to 8 
m?/ g after 4 hours. 


The presence of a maximum on the specific 
surface—hydration time curve is the result of the 
simultaneous occurence of two processes: dissolution 
of tricalcium aluminate with formation of nuclei of 
a new phase [7, 8], tricalcium hydroaluminate, lead- 
ing to an increase of the solid surface; and recrystal- 
lization of the nuclei, leading to a decrease of speci- 
fic surface, At the first stage of hydration the rate 
of nucleus formation predominates over the rate of 
their recrystallization, and therefore a large amount 
of highly disperse phase accumulates in the system; 
after this,concretion and recrystallization of the crystals begins to prevail, with a decrease of specific surface. 


Fig. 2. Variation of the active specific surface of tri- 
calcium aluminate in the course of hydration; 1) In 
water; 2) with 0.3% SSB; 3) with 1% SSB. 


The inhibiting effect of surface-active substances of the SSB type on the formation of nuclei increases 
with concentration. Therefore the maximum development of the specific surface takes longer to reach at 
high concentrations. The increase of supersaturation observed in presence of surface-active substances also 
influences the number of nuclei formed and their rate of growth, with a consequent change of the specific 
surface. 


The solid phase in tricalcium aluminate suspensions was also studied by microphotography, in parallel 
with the determinations of the specific surface. The results are in good agreement with the specific-surface 
data. 
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With small amounts of SSB (Fig. 3, photographs taken after 3.5-4 hours of hydration), there are some very 
large as well as small crystals (Fig. 3,c). There are no large crystals if the hydration takes place in pure water 
(Fig. 3, a). At higher SSB concentrations small crystals are formed (Fig. 3,b). 


Fig. 3. Microphotographs of tricalcium aluminate crystals formed after 4 hours of hydration (mag- 
nification x 300): a) In water; b) with 0.3% SSB; c) with 1% SSB, 


Evidently in presence of small amounts of surface-active substances the degrees of supersaturation are 
such that the rate of crystal growth exceeds the rate of nucleus formation. As the result of the retarded rate of 
the latter, the crystals formed at the start of the process can grow to a considerable size and are of regular 
form. The crystals formed later remain small. At high SSB concentrations the inhibition of nucleus growth 
lasts longer, so that highly supersaturated hydroaluminate solutions arise in the system; after the end of the 
inhibitory period this leads to the formation of large numbers of very small crystals. 
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SUMMARY 


1. Surface and voluem isotope exchange can be easily distinguished in presence of surface-active additives; 
this principle was used for a reliable determination of the specific surface of tricalcium aluminate. 


2, The action of surface-active substances is essentially to delay the formation and growth of the nu- 
clei of the new tricalcium hydroaluminate phase; this alters the supersaturation of the system and hence in- 
fluences crystal growth. 
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THE RHEOLOGY OF METALS IN SURFACE*ACTIVE MEDIA* 


Vi SmOStrovskitnand V. 2. Likhtman 


Plastic metals behave like viscous bodies in many treatment and deformation processes, and it is there- 
fore very useful to know the rheological characteristics of metals, especially in studies of creep effects and work 
hardening. By their structure metals can be included, in P. A. Rebinder’s classification [1], among the struc- 
turized systems with dense crystallization structures. Such structures, if their individual elements have plastic 
properties, are capable of undergoing plastic deformation and have high viscosity at low stresses; the viscosity 
decreases sharply over a narrow stress range, which corresponds to the practical yield value. 


The available data on the principal rheological characteristic 
d ; 
of metals, the effective viscosity n = ies , are very contradictory 


Pert [2]; results differing by several orders of magnitude are obtained in 

ei 24 1B ] attempts to determine its value. Neither the Newton nor the Bingham 
Section along AB T op view equation (i.e., with the creep limit Py taken into account) gives posi- 

wh ee oe ri tive eg as defommration of wi mers peace changes ween in- 

of deformation fluence its mechanical properties, including the creep limit. The 
latter increases with increasing deformation, whereas values of Py de- 
Fig. 1. Test specimens. termined at low stresses and correspondingly low deformation are used 
for determinations of viscosity. 


For investigation of the rheological behavior of metals, and the influence of certain physicochemical 
factors on it, we performed creep tests on polycrystalline tin and lead in conditions approximating to uniform 
shearing deformation. The shape of the test specimens is shown in Fig. 1. 


The flow curves of metals under constant stress (the stress remains constant, as the area on which the 
force acts does not change during the deformation, at least until the appearance of predestruction cracks) have 
three regions; 1) nominally-instantaneous deformation, measurable in ~1 second; 2) nonsteady creep at a 
gradually decreasing rate; 3) steady creep at a constant minimum rate vm = de/dr, where € is the relative 
shear deformation. The decrease of deformation (elastic recovery on removal of load in the region of steady 
creep) is considerably less than the instantaneous deformation. This means that relaxation of elastic stresses 
takes place during the plastic flow. The region of nonsteady creep is relatively small, and is followed by the 
region with a steady minimum creep rate. The creep curves for tin are given in Fig. 2; Curves 4 and 5 both 
refer to the same stress, but Curve 5 represents creep in a surface-active medium. It follows from the slope 
of the curves in Fig. 2 that the rate of steady creep increases with the stress. The rheological curves for tin 
are given in Fig. 3. At low stresses, the rheological curve for 20° contains a region in which the relationship 
between the stress P and the steady flow rate v,, is linear. Extrapolation of this region of the curve to the 
abscissa axis gives the intercept Py, which may be regarded as the creep limit for the given experimental con- 
ditions. At higher stresses the curve is no longer linear, and vj increases more and more steeply with P, so 
that at high stresses the rheological curve becomes asyinptotic to a straight line parallel to the ordinate axis. 
The intersection of this line with the abscissa axis gives the intercept P;,, which should be regarded as the 
yield value in the Bingham region. The product 7 Vm = Pyp is virtually constant in this region. This region 
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is approached in our experiments. The rheological curve can be used to calculate the effective viscosity of 
the metal, but the effective viscosity varies continuously with the stress, and cannot serve as a physical charac~ 
teristic of a metal. Viscosity calculations for flow at constant rate, with the creep limit taken into account, 
show that the plastic viscosity may be regarded as a constant which defines the properties of a metal at fairly 
low stresses (Fig. 4), where vm is a linear function of P. At high stresses the breaking stress Pry = NVpy [3]. 
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Fig. 2, Creep curves for lead at stresses: 1) 0.095; Fig. 3. Variation of the rate of steady flow of tin 
2) 0.15; 3) 0.20; 4 and 5) 0,26 mg /mm?’, with the stress at various temperature. 


The creep of tin and lead under shear was studied at various temperatures, and in a surface-active med- 
ium. The rheological curves for tin at 89 and 122° are presented in Fig. 3. It is seen that the curves have the 
same course at elevated temperatures also, i.e., Vy) is a linear function of P in the low-stress region. The 
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ous temperatures. 


higher the test temperature, the lower is the stress at which the linear portion of the rheological curve passes 
into a curve. Thus, the rheological curves are displaced toward lower stresses with increase of temperature. 
The creep limit decreases continuously, and becomes zero above a certain temperature. The maximum plastic 
viscosity (nq) decreases correspondingly (Fig. 4, Table 1), and the region of the abript decrease of viscosity 
(practical yield value) is found at lower stresses. The vy, — P curves for the high-stress region at 20 and 86 

are given in Fig. 5. At these temperatures the flow .rates increase rapidly over a narrow range, so that the 
Bingham equation is applicable in this region: P~Py =n *, — or n ~ 1*1= Pm/vm; ifn *y<«n, which is 
indeed the case, then 7 vm = Py. Therefore a metal can be characterized by its maximum plastic viscosity 
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at low stresses, and by the breaking stress at high stresses, at high temperatures also. 
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Fig. 5. Rheological curves for tin in the high- Fig. 6. Rheological curves and plastic viscosity curves 
stress region. for tin in air (1, 3) and in a surface-active medium 


(2, 4). 


The influence of a surface-active medium on the course of the rheological curve was of interest. The 
surface-active medium was a 0.2% solution of oleic acid in nonpolar vaseline oil. It was found in control ex- 
periments that the nonpolar vaseline oil itself had no effect on the mechanical properties of tin or lead. The 
surface-active medium has a significant influence on the creep curves. The rate of steady flow increases, and 
the whole tensile curve lies above the tensile curve in air at the same load. Accordingly, the rheological curve 
is displaced to the left along the stress axis, toward lower stresses, and a higher flow rate than that found in air 
corresponds to each stress (Fig. 6, Curve 2). However, the relationship is still linear in the low-stress region. 
The creep limit decreases appreciably. The maximum plastic viscosity also decreases, but only slightly (Fig.6, 
Curve 4). 


TABLE 2 


Variation of the Effect of the Surface-Active Medium with the S/V 
Ratio for Tin 


Specimens used for 


Cylindrical 
y shear tests 


Shape of 


d=0.5 mm 
(single crys* 
tal) 


9, ia round, Fig. 


l,a 


The effect of the surface-active medium may be evaluated in terms of the ratio, expressed as a per- 
centage, of the difference between the steady flow rates in the surface- active medium and air to the steady 
rate in air, E= 100 [wna - vm]/vm- The effect E of the surface-active medium has a well-defined maxi- 
mum on the E=P curves at stresses of ~400 g/ mm? for tin, and 480 g/ mm? for lead. The maximum effect 
of the surface-active medium corresponds to the stresses near the upper boundary of the region of constant 
plastic viscosity (Fig. 7). The effect for lead (275%) is approximately double the effect for tin (150%). These 
values are in good agreement with the results obtained for these metals by a number of investigators [4]. It 
is interesting to note that the specimens used in our experiments were rather massive in comparison to those 
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used by others. The effects of surface-active substances on 
specimens with different S/V ratios (S is the surface area; 

V is the volume of the specimen) are compared in Table 2, 
It is seen that the S/V ratio in our specimens was 1/8 of the 
ratio for the specimens used in most other experiments, but, 
as Table 2 shows, the magnitude of the effect is almost the 
same. 


SUMMARY 


1. The laws of plastic flow of lead and tin under shear 
Fig. 7. Effect of the surface~active medium. over a wide stress range were studied. 


2, The plastic viscosity has constant maximum value, independent of the stress, at low stresses (above 
the creep limit), At high stresses the plastic viscosity falls sharply with increasing shear rate, so that the break- 
ing stress is independent of the deformation rate. 


3. Creep of lead and tin is considerably facilitated by a surface-active medium. The creep limit and 
the maximum plastic viscosity are lower ina surface-active medium. The maximum adsorption effect cor- 
responds to shear stresses at the upper limit of the region of constant viscosity. 


4, The plastic viscosity decreases regularly with increase of temperature as the result of an increased 
rate of flow of the metal and of a lowering of the creep limit. 
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FORMATION OF NEW SURFACES IN THE DEFORMATION AND 
DESTRUCTION OF A SOLID IN A SURFACE-ACTIVE 


MEDIUM * 


E. De Sucnwkin-and. 2. A. Rebinder 


It has long been known that adsorption of surface-active substances by a solid undergoing deformation 
may have a decisive influence on the deformation and strength properties of the solid [1, 2]. Systematic investi- 
gations of this effect showed that it is very general; the accumulated experimental data laid the foundation of 
a new branch of science ~ physicochemical mechanics of solids. These extensive experimental data show con- 
vincingly that the influence of a surface~active medium on the mechanical properties of solids may result in 
a number of very diverse effects [14]; depending on the conditions, a body may become more plastic, or very 
brittle, or it may tend to undergo spontaneous dispersion into particles of colloidal size. The present paper deals 
with some aspects of these three effects. 


I.. Numerous experimental results [3, 5, 7] show convincingly that the effect of plastification of solids as 
the result of reversible adsorption of extremely small amounts of surface-active substances from the surround- 
ing medium is very general. In particular, this effect is very distinctive in the deformation of single crystals 
of tin, zinc, and other metals in media such as solutions, in nonpolar vaseline oil, of a number of organic sub- 
stances with a polar group and a long hydrocarbon chain in the molecule (oleic acid, etc.). When single crys- 
tals are extended at a constant rate, the effect of the surface-active medium is to lower the yield point; in 
tests under constant load the rate of plastic flow is increased. The following facts are noteworthy in analysis 
of these effects. 


1. Since diffusion of large organic molecules into the lattice of a single crystal of a metal is impossible, 
the effect must depend on purely surface interaction between the specimen and the medium. This interaction 
lowers the free surface energy © of the specimen as the result of reversible adsorption from the surroundings 


(1-3). 


2, The decrease of free surface energy observed in these experiments on the adsorption of organic sub- 
stances is small, of the order of a few tens of ergs per cm?, relative to the free surface energies of the metal 
single crystals used (~500-1000 ergs/cm); i.e. , the decrease does not exceed 1/10 of the initial value of a. 


3. The plastification effect is observed within definite limited ranges of temperature and deformation 
rates [3, 13]; it is therefore caused by some thermally activated process. The temperature corresponds to the 
optimum deformation rate with regard to the magnitude of the effect. 


Since the plastic flow of a crystal consists of displacement of dislocations in the slip planes and their 
emergence on the surface, while the plastification effect is caused by purely surface phenomena, the principal 
cause of the observed effect must evidently be interaction of the dislocations with the free surface of the crys- 
tal [15]. 


Being a thermodynamically unstable defect (having excess free energy), a dislocation tends to emerge to 
the surface. The force of attraction of an edge dislocation, to a surface situated parallel to it, has been de- 
termined by an approximation of the theory of elasticity; this force (termed the "mirror-image force") is in- 
versely proportional to the distance from the surface, i.e., it is determined by a slowly changing logarithmic 


*Paper at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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potential [16]. At the same time, the emergence of a dislocation (i.e., the completion of shear in a given 

slip plane) is accompanied by the appearance of a step, the width of which,at the given point of the slip plane 
contour,is equal to the component of the Burgers dislocation vector lying in the slip plane parallel to the con- 
tour. The formation of each new surface cell requires the expenditure of an amount of work = bo, where b 

is the Burgers vector (unit translation), This potential barrier extends into the crystal to a distance of only about 
half the width of the dislocation (of the order of a few b), i.e., it is rather steep, and in the immediate proxi- 
mity to the surface the force determined by it, preventing the emergence of the dislocation,is greater than the 
"mirror-image force” [15] tending to push it out. 


Consider a point M on the contour of an active slip plane, at which the Burgers dislocation vector is per- 
pendicular to the contour and the step reaches its maximim width ~b. During plastic flow of the crystalv, 
dislocations pass through this point in one second, and as each passes through, a new surface wb with free 
energy ~b?G, is formed in the region of point M. This free energy is probably the value to be ascribed to the 
activation energy of the processes in absence of applied stresses. 


The condition of equality of the incoming and outgoing dislocation at the point M is given by the equation 

= vp exp (~U/kT), where v ~1022 = 10!8 sec“! is the Debye vibration frequency of the lattice, and U is equal 
to b%o, less the work of external forces A. Then the temperature defined by this expression, Ty = b2a / kin (v/v) cor- 
responds to the "upper boundary temperature” of the existence of the potential barrier in question; when 
TST,, the application of any significant forces is not required for emergence of the dislocations to the crys- 
tal surface; at lower temperatures work must be done by external forces. It is to be expected that near Ty, 
when A is small, even a small decrease of o , by lowering A to zero, would have the greatest influence on the 
plastic properties of the crystal; i.e., from the point of view of the plastification effect the optimum tempera- 
ture Topt & Ty. 


The parameter v is determined by the rate and microheterogeneity (localization of shears in the series 
of slip lines ) of the deformation, and with average crystal orientations it may be estimated [15] as follows: 
v ~ éhu/b; here € is the relative rate of extension; h is the average distance between the slip lines, while 
the factor of deform ation-microheterogeneity u has the meaning of the ratio of the total number of slip lines 
to the number of active slip lines at any given instant (in general, hu may vary in fairly wide limits, say from 
1071 to 1073 cm). 


Thus, the optimum temperature of the plastification effect for the model under consideration can be 
estimated as 


b2a 


Pl Pens ae 
opt ie In (vb/ehu) (1) 


For € = 10% min the logarithmic term in the demoninator is ~20-25, while substitution of b = 3- 10-* cm 
and G = 103 ergs/cm? gives ~ 0,5-0.6 electron-volts for the activation energy; this means that under the 
given conditions Topt ~ 300° K; increase of € by two orders of magnitude should displace T,,,, to about 


opt 
400° K,. e 


This result is in good agreement with experimental data on the yield value [13], according to which the 
plastification effect of adsorption is at a maximum at room temperature if the extension rate € = 5 ~10% min? 
and at 100° if € ~ 500% min}, 


A considerable role in the plastification effect may be played by subsurface sources of dislocation 
(anchored at a single point), which begin to operate at considerably lower stresses than sources anchored at 
two points [17]. It is known that a thin polycrystalline film, by hindering the operation of such sources, can 
raise appreciably the yield point of a single crystal [18-20]. Conversely, decrease of © should increase the 
activity of the subsurface ‘sources and lower the yield point. Since the interaction of such a source with the 
surface consists of consecutive "tracing® of a dislocation segment on the crystal surface by the second (free) 
end, i.e., of the formation of a step on the surface, Expression (1) remains completely valid; the parameter 
y remains of the same order of magnitude and acquires the meaning of the number of rotations of the subsur- 
face source per second (a dislocation spiral in the Frank~Read mechanism [16]. * 


*The mechanism of the action of a surface-active medium may also be assocated with generation of dislocation 
sources. However, the question of generation of these sources, and of the influence of 6 on this process, is still 
not clear, 
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However, the above model cannot be applied directly to the recently discovered case of plastification 
of metal single crystals under the influence of melted metallic coatings at elevated temperatures and very low 
extension rates [11]; in this case the activation energy of the process is considerably greater than b’a. The 
principal role here is evidently played by interaction of dislocations with surface defects blocking individual 
points on the contour of the slip plane; the potential barrier is higher and is described by a different expression, 
but it remains of short range and significantly dependent on o, 


Thus, the plastification effect, which is only one instance of the influence of surface-active media on 
the mechanical properties of solids, is in itself complex and diverse, is associated with the existence of a 


whole spectrum of activation energies, and may be manifested over different ranges of temperature and de- 
formation rate. 


We have considered some aspects of the plastification of solids in surface-active media. We now ex- 
amine the directly opposite effect; the production of extreme brittleness and a sharp decrease of strength. 


Il, Extreme brittleness and a sharp decrease of strength may be produced in metal single crystals in 
presence of a very thin melted coating of a more easily fusible metal; for example, in zinc in presence of 
liquid tin [8] or mercury [9, 10]. 


This effect has the following characteristic features. 


1, The decrease of surface free energy at the boundary between the metal and its saturated solution in 
another liquid metal may be very considerable [4, 8], some hundreds of ergs/ cm’ 


2. The effect is observed over a wide temperature range, of which the lower limit is the melting point 
of the coating Ty), and the upper limit is the melting point of the metal Tyy (for the zinc=tin system [8]), or 
the temperature of brittle transition T,; in this region, in a relatively narrow range AT, peculiar “partial 
brittleness* (in the system zinc=mercury [9]) is observed. 


3. Since the effect involves the development of cracks within the crystal, it is a volume effect which 
requires rapid penetration of surface-active atoms to the surfaces of the internal microcavities by nonregular 
diffusion (two-dimensional migration) along the defects of the crystal structure. 


Elucidation of the mechanism of this effect must evidently be based on an analysis of the conditions in 
which "dangerous" microcracks originate and develop in the course of brittle breakdown: sharp decrease of 
o at the internal microcavities facilitates this process and renders it independent of thermal activation over 
a wide temperature range, 


Investigations of the conditions for the brittle rupture of pure-zinc single crystals along the basal planes 
at low temperature [10] showed that failure is always preceded by some plastic deformation. The tensile stress 
Pc, normal to the cleavage plane, is by no means constant for differently oriented single crystals: the less 
the angle between the axis of the specimen and the basal plane, the greater is the limiting plastic shear, the 
higher is the shearing force Tg reached at failure, and the lower is pg; the Zonke law (p¢ = const) is totally 
inapplicable in this instance. 


It is known that the actual ultimate tensile stresses at the cleavage planes are several orders of magnitude 
less than the calculated values for an ideal lattice; this discrepancy is due to the presence of microcrevices 
in the crystal. It is natural to assume that if tensile rupture is due to presence of a microcrevice,the mag- 
nitude ¢ of which becomes dangerous at a given p_,, the formation and development of the microcrevice to the 
dangerous dimensions must be related to the magnitude of the applied shearing stress r and the plastic de- 
formation process in the course of which nonuniformity of shear leads to sharp local stress concentrations and 
the formation of microcavities [12]. 


In agreement with Mott and Stroh [21-23], we consider the main sites of high stress concentration to be 
piled-up dislocations (incomplete local shears) formed at various strong obstacles in the slip plane. Analysis 
of the course of formation of the dislocation accumulations shows that even at low values of r the head dis- 
locations may coalesce and form a hollow nucleus (such hollow dislocation nuclei, giving rise to pores in the 
crystal, are able to ensure rapid penetration of the surface-active substance into the crystal even at the early 
stages of deformation). The accumulation develops with increase of r and of specific crystallographic shear, 
and in its leading region,at a certain angle © to the slip plane, an equilibrium microcrevice develops, the 
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limiting size of which is of the order of c ~ 7*L?/GG; here G is the shear modulus and L has the meaning 
of the effective dimensions of the slip plane (in the case of polycrystals it is the grain size, and for not very 
thick single crystals, = 1 mm, the diameter) [12, 22). 


On the other hand, if a tensile stress p is applied perpendicularly to the plane of a crack of width c, ac- 
cording to Griffith [24] the crack ceases to be in equilibrium if the condition pe ~ (GG/c) 2 is satisfied. 


Substituting the maximum possible magnitude of the crack c(r) into the expression pc(c), we obtain, 
instead ofthe Sohnkelaw pe, = constant,a new expression 


Pete = Const = K?, (2) 


where K = yVGG/L; here the dimensionless coefficient y is close to unity. Expression (2) may be defined 
as the “condition that the product of the normal and shearing stresses is constant® in brittle rupture [12]. 


The stresses p, and Tp» in Equation (2) are in general applied to different planes, intersecting at an angle 
©. However, in the case of zinc single crystals, in which the same basal plane is the sole slip plane and the 
sole well-defined cleavage plane under the given conditions, it may be assumed that Of 0, i.e., Po and T¢ 
may be referred to the basal plane. Thenthe following expressions are obtained in conjunction with the geo- 
metrical condtion pe /T¢ = tan y, where x is the angle between the basal plane and the axis of the specimen 
at the instant of rupture: 


Peruse Van Y; Cc KYcot We (3) 


The experithental values of p,(x) and T¢(x) for brittle rupture of zinc single crystals along basal planes, 
at the temperature of liquid nitrogen [10] are in good agreement (Fig. 1) with the theoretical curves for Ppc(y) 
and T¢(y) calculated from Equations (3) at K = 200 g/mm? [12] (the constant K was chosen for the best agree- 
ment of the experimental points and the theo- 
retical curves). On the assumption that, for zinc, 
G = 3: 10" dynes/cm?, o = 10° ergs/cm?, and 
L=$=0.1cm, wehave y = K/(Go/L)” »& 
0.4. 


For analogous data on the brittle rupture 
of amalgamated single crystals of zinc at room 
temperature [10],the experimental points again 
coincide with the curves based on Equations (3), 
but the constant K is found to be ~ 80 g/mm? 
{12}, evidently as the result of the great decrease 


Fig. 1. Normal stresses p, and shearing stresses Tt ¢ in the of the free surface energy of zinc in presence of 
rupture of differently oriented zinc single crystals along mercury [4, 6, 8, 9}. This relative change of o 
the basal planes: a) Single crystals of pure zinc at~196; is (Kzp/ KZn-Hg)"~ 6 (somewhat lower, to be 
b) amalgamated single crystals of zinc at 20°. exact, if the dependence of the modulus G on 


temperature is considered), i.e., in presence of 
mercury, the free surface energy of the rudimentary microcavities was approximately 150-200 ergs/ cm? in 
these experiments. 


Since the constant K depends little on the temperature, whereas plastic flow of crystals is a pronounced 
thermally activated process, it is to be expected that at a certain temperature Tg, and at not excessively high 
deformation rates, the yield value and the work-hardening coefficient should be so low that Condition (2) is 
not satisfied even on considerable decrease of G and at the most extensive deformations, so that the single 
crystal would become plastic again. 


According to an equation [9] derived for amalgamated single crystals of zinc, at a2 15% min? and 
Xq ~ 405° the transition from the brittle to the plastic state occurs at about T, = 420° K , in the range 
AT = 40 = 50°, (in this range the € max(T) curve rises from a few per cent to 500-600%, see Fig. 2). 


If plastic flow is regarded as a thermally activated process in which dislocations overcome obstacles in 
the slip plane, and if the maximum accumulation of dislocations possible under the given conditions is com- 
pared with the “dangerous” value leading to the development of a nonequilibrium crack, it is possible to derive 
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a criterion for the deformability of a crystal in relation to T, €, and o [15], and to determine the "prob- 
ability of plastic flow” 


W =1—exp {— exp [— (U./k)-(4/T—1/T,)}} (4) 
and the critical transition temperature 
T, = U,/k In (vib/ehu); (5) 


here Ug = Ug (9) is the activation energy for overcoming an obstacle by a dislocation at the stress at which 
brittle failure occurs, and A is the number of points along the dislocation line at which rupture is possible; 
on the whole, the logarithmic term in the denominator > 30. 


Experimental data [9] on @ tax as a function of T 
give Up & 3. 3kT2 /AT ~ 1.1 4 0.1 electron-volts, and 
In (vAb/éhu) © 3.3T, /AT ~ 31 4 3. The plot of Wasa 
function of T based on these estimates gives good agree- 
ment with the experimental €,,,, ~T relationship [9,6]. 


The above considerations are confirmed by experi- 
ments on the brittle failure of single crystals of zinc coated 


| 
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to with melted tin [8]. At the usual extension rates of ~10% 

> b min” the effect is observed from Typ up to Tp (i-e., 

10 To Tm. Ifthe rate is decreased by 4-5 orders of mag- 
nitude, as in experiments on the rate of steady creep [11], 
brittleness disappears over the entire Ty, ~ Tyy range 
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(Te is now lower than Tm); Moreover, a plastification 
effect is observed, as described in the first section of this 
paper. 

The effect of critical embrittlement and strength 
decrease may be accompanied even by some elevation 
of the P ~ € curve, as the result of alloying of the speci- 
men with atoms of the coating metal as they diffuse into 
the crystal lattice. This is clearly revealed in the rup- 
ture of such specimens in liquid nitrogen (i.e., below T,,); 
in this case amalgamated single crystals of zinc are stronger 
(b). than pure crystals, both because of diffusion of mercury 
into the zinc, and because of the formation of a surface “casting” of polycrystalline mercury [20], At higher 
temperatures the strengthening effect (i.e., additional retardation of the dislocations by point defects ~ foreign 
atoms) disappears. 


550 310 390 40 4TH 


Fig. 2. Variation of the deformation at rupture 
€ max With temperature for pure and amalgar 
mated single crystals of zinc at € = 15% min=4 
and xy. ~ 45° (a), and the theoretical relationship 
between “the probability of plastic flow” and 
the temperature for amalgamated single crystal 


Changes in the deformation and strength properties as the result of adsorption have also been found in 
glasses [27, 28]. It has been found that the presence of surface~active substances (including water vapor) lowers 
the tensile strength of glass fibers, especially in prolonged strength tests. At the same time, adsorption from 
the surrounding medium may lead to pronounced elastic lag, which in especially~active media passes into 
residual deformations increasing with time. 


The dislocation mechanism described above is inapplicable to noncrystalline bodies — other concepts 
are necessary to account for these effects in glasses. However, here also the decisive role is probably played 
by easier development of microdefects as the result of a lowering of the free surface energy. 


Ill, Finally, we consider the case when adsorption from the ee ee medium lowers the free surface 
energy of a solid to extremely low values, tenths of one erg per cm? and less. In such cases, if the true solu- 
bility is low, as the medium penetrates along the structural flaws of the bony (boundaries of the microblocks), 
spontaneous dispersion of the body into particles of colloidal size 6m ~ 1078 cm, i.e., of the same order as 
the structural microblocks [4, 8, 14, 25] may take place. 


Consider a body with linear dimensions L, Neglecting small numerical coefficients, we assume its sur- 
face area tobe Ag ~ L? and its volume Vg ~ L3. The total number of microblocks on the surface is approxi- 
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mately L?/5%,, and the probability of separation of each is proportional to vexp(— UA/kT), where Uy is 
the activation energy of the process, and v is the frequency of the thermal vibrations of the block. 


The number of particles detached from the surface per second is q ® ‘(Ae a) x v exp(—U, /kT). 
We assume that the body can be dispersed if its subdivision is completed in time t* ~ 1 year = 3° 10° seconds. 
Then the average number of particles detached per second must be q* ® L37 §3,t*. The probability of dis- 
persion or, more accurately, the "measure of the dispersibility of the body" may be defined as the ratio Mp * 
q/q*= (vt* dy)/L) + exp(— Ua/kT). The tendency to dispersion evidently corresponds to the condition 
Mp = 1, or, which is the same thing, the condition Di = 1, where the dimensionless criterion Di is 


Di = Ug/kT In (vt"Spp/L). (6) 


In general, the activation energy U, of the process is determined by the work of formation of a new 
surface, less, first, the work of external forces (or internal elasticity fields caused by local stress concentrations 
near the defects) and second, the term TA S, where AS is the increase in the entropy of a particle when it 
passes into a colloidal solution. We suppose, however, that dispersion proceeds in absence of external force 
(spontaneously); we also neglect the work of the internal elasticity fields and the entropy increase; this results 
in some revaluation of Ua, which can now be written as Ua ~ GO 62, . Then we have the following approximate 
condition for spontaneous dispersion 


Dig= 0 82,/kT In (vt"Sn/L) <1. (1) 


The logarithmic term in the denominator can be readily estimated on the following considerations. 
The order of magnitude of the vibration frequency v is determined by the particle size §,, and the velocity 
of sound cs: UV ~ Cg/Sy- Therefore In (vt*§y)/L) = In (cst*/L) = In (10° - 3- 107/1) 30 [14]. Evidently 
the numerical values of t * or L are not very critical. 


At room temperature Equation (7) leads to the condition Oo =4:- 10°. 30/ an or, roughly, 9 = 
10712 7.6%, ergs/cm*, This means that the body can undergo dispersion, in the sense postulated, into particles 
of 6m ~10°' cm, if o is increased to 1 ergs/ cm? or less. 


However, this condition refers only to the kinetics of the process if it is thermodynamically possible; 
that is, if the dispersion process is thermodynamically advantageous, then it will proceed at a sufficient rate 
if Condition (7) is satisfied. 


We now consider qualitatively the free energy change AF of the system when a solid is dispersed in a 
liquid into particles of colloidal size: AF = OAA~ TAS, where AA is the increase in the free surface of the 
particles, and AS is the increase in the entropy of the system. Neglecting, as before, small numerical co- 
efficients, we can write AA as AA ~ né2, , Where n = Vo 5% , the number of colloidal particles in the solu- 
tion. 


Suppose that Ny moles of the solid is dissolved in Nz moles of liquid. Then the entropy of mixing is 


AS = —KN y (Ny + Na) {LNi/(Ni + Ne)] In [Ni/(Ni + No)] + 
+ [N2/(Ni + Ne2)] In [N2/(M1 + No)}}, 


where Na is the Avogadro number. When Ny « Nz, we have AS=+ kNANy x {in (Nz / Ny) + i} . In this 
case the product NaNy is the number n of the particles of the solid phase, while the logarithmic term is not 
very critical, and is about 10-15, Hence AS # (10-15)nk. 


For the change of free energy, we have AF= nog%, ~ (10-15) kT; _ this becomes negative if 


6 < (10 + 15)-k7/82 (8) 


m 
for room temperatures, this gives approximately o <0.5.- 1072/ bay ergs/ cm*. Therefore, in order that 
the dispersion into particles of &p~ 10°§ cm should be thermodynamically advantageous, 0 must be decreased 
at least down to some tenths of 1 erg/ cm’, Since this condition is morecritical than the Criterion (6), it is 
justifiable to write the latter im the roughly approximate form of Condition (7). 


606 


Nevertheless, even the more rigid Condition (8) is not yet a sufficient condition of the possibility of 
the process. Indeed, at very low values of § py the situation is changed considerably by considerations of equili- 
brium between the colloidal particles and substance in true solution, and also of the change of the particles. 
As 6m decreases, AF begins to increase again; it may not have a minimum at all, and then the colloidal state 
is unattainable under the given conditions; it is possible that despite the fact that the condition AF = 0 cannot 
be satisfied there might be a minimum, but with a positive value, when the colloidal state is metastable; only 


if the condition AF = 0 is satisfied can AF have a negative minimum, corresponding to a stable colloidal state 
at some even smaller value of Sy. 


The microstructure of the particular solid also places considerable limitations on the possibility of dis- 
persion: the process does not occur in practice if the structure is too coarse in comparison with the thermo- 
dynamically possible value of 6m, or if the nature of the defects between the blocks of the microstructure is 
such that the surface-active molecules cannot penetrate to even a small depth. (In the latter case, however, 
it is possible to consider the consecutive, cell-by-cell, development of the particle surface eae as was done 
by Bartenev [26]). It must be stressed that in crystalline bodies the microstructure is nothing else but a dis- 
location structure; its nature is determined by the growth donditions of the single crystal or the polycrystalline 
aggregate, and by the plastic deformations to which it has been subjected. 


On the other hand, Conditions (6) and (8) are more easily satisfied if we take into account the liberation 
of elastic energy associated with the existence of a microstructure (dislocational horizontal rows, vertical walls 
of dislocations, etc.) when the body breaks up into colloidal particles. 


Indeed, in heavily cold-worked metal the dislocation density may reach ~1044— 10! cm*?, and the cor- 
responding stored elastic energy may be ~10® ergs /cc and over [23]. This corresponds to up to 107” erg for 
each element of the volume of linear dimensions §y ~ 1078 cm. If all this elastic energy could be utilized in 
the formation of a :new surface, dispersion would be possible even at relatively high values of 6 ~ 10 ergs / 
/cm? and over. 


SUMMARY 


Several distinctive effects are observed in adsorption on surfaces ofsolids undergoing deformation. 


1. Small decreases of free surface energy, of a few tens of ergs per cm?, caused by adsorption of some 


organic substances may result in considerable plastification of a strained crystal. In the light of the disloca- 
tion theory this effect is attributed to a lowering of the potential barrier, associated with the formation of a 
new surface and preventing emergence of the dislocations to the crystal surface; in agreement with experi- 
mental results, it is possible to determine theoretically the temperatures and deformation rates at which the 
optimum effect is obtained. 


2. If the adsorbed substance decreases the surface energy of the crystal considerably, to a half of its 
initial value or less, and if it can migrate rapidly into the crystal along the hollow dislocation nuclei and 
other structural flaws, adsorption may result in brittleness and a sharp decrease of strength. The reason for 
this is easier development of internal microsurfaces, and the formation of "dangerous" cracks in regions with 
high local stress concentrations resulting from dislocation accumulations. A theoretical expression is derived 
for the probability of plastic flow of a body, and an expression in agreement with experimental data, for the 
transition from brittle failure to plastic flow in a definite temperature range; the theory also provides a cor- 
rect evaluation of normal and shearing stresses in brittle failure. 


Analogous experimental data are known for glasses, The mechanism of such effects must be explained 
on different considerations. 


3. If the free surface energy of a body is decreased very greatly ~ to fractions of 1 erg/ cm? or less — 
spontaneous dispersion of the body into colloidal particles may occur. By consideration of thermal fluctuations 
with microblocks separated by structural defects, both in absence and in presence of external forces or local 
stressed states, it is possible to determine the rate of growth of the free surface of the separating particles, Les, 
the rate of the dispersion process, and to estimate quantitatively the value of the preexponential term in the 
expression for the probability of spontaneous separation of a colloidal particle; the criterion for the spontane- 
ous dispersion of a solid, derived from this expression, is obtained in more precise form. Consideration of the 
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conditions for the thermodynamic possibility of the dispersion process give similar results. 


Institute of Physical Chemistry , Received June 16, 1958 
Academy of Sciences SSR 
Division of Disperse Systems 
Moscow 
LITERATURE CITED 
[1] P.A. Rebinder,Z, Phys. 72, 191 (1931). 


[2] P. A. Rebinder, Jubileé Volurne on the 30th Anniversary of the Great October Socialist Revolution, 1 
(Izd. AN SSSR, 1947), p. 123. * 


[3] V. L Likhtman, P. A. Rebinder, and G. V. Karpenko. Effect of Surface- Active Media on the Deforma- 
tion Processes of Metals (Izd. AN SSSR, 1954). * 


[4] P, A. Rebinder, "New problems of physicochemical mechanics.” Paper at the Permanent Colloquium on 
Solid Phases of Variable Composition, jointly with the Moscow Colloid Colloquium, January 26, 1956;*J. Acad. 
Sci. USSR No, 10, 32 (1957). * 


[5] V. L Likhtman, Progr. Phys. Sci. 37, 3 (1949); 54, 6 (1954). 
[6] P. A. Rebinder, Bull. Acad. Sci. USSR, Div. Chem. Sci. 11, 1284 (1957).** 


[7] P.A. Rebinder and V, Likhtman, Proc. of the 2nd Internat. Congress of Surface Activity, (London, 
1957) p. 563, 


[8] P. A. Rebinder, V. I. Likhtman, and L. A. Kochanova, Proc. Acad. Sci. USSR 111, 1278 (1956). 


[9] V. N. Rozhanskii, N. V. Pertsov, E. D. Shchukin, and P. A. Rebinder, Proc. Acad. Sci. USSR 116, 
169, (1957). ** 


[10] V. L Likhtman, L. A. Kochanova, and L. S. Briukhanova, Proc. Acad, Sci. USSR 120, No. 4 (1958). 
(11] V. A. Labzin and V. I. Likhtman, Proc. Acad. Sci. USSR (1958), in the press. 

[12] E. D. Shchukin and V. I, Likhtman, Proc. Acad. Sci. USSR (1958), in the press. 

{13] V. I. Likhtman, P. A. Rebinder, and L. P. Ianova, Proc. Acad. Sci. USSR 56, 8 (1947). 


[14] E. D, Shchukin and P. A. Rebinder, Summaries of Papers at the 4th All-Union Conference on Colloid 
Chemistry, Tbilisi, May 1958(Moscow, Izd. AN SSSR, 1958), p. 128. * 


[15] E. D. Shchukin, Proc. Acad. Sci. USSR 118, 1105 (1958). : 

[16] A. H. Cottrell, Dislocation and Plastic Flow in Crystals (Metallurgy Press, 1958) [Russian translation]. 
[17] J. S. Fischer, Trans. AIMME 194, 531 (1952), 

(18] V. I, Likhtman and V. S. Ostrovskii , Proc. Acad. Sci. USSR 98, 105 (1958). 

[19] G. V. Greenough, J. Inst. Metals, No. 12, 467 (1956). 

[20] L. S, Briukhanova and E, D. Shchukin, Engineering Physics Journal (1958) (in the press). 


[21] N. F. Mott, Proc. Phys. Soc. B 64, 729 (1951); Philos. Mag. 43, 1151 (1952); Proc. Roy. Soc. A 220, 
1 (1953); J. Phys. Soc. Japan 10, 650 (1955), 


[22] A. N. Stroh, Proc. Roy. Soc. A 218, 391 (1953); A 223, 404 (1954); Philos. Mag. 46, 968 ( 1955), 
[23] A. N. Stroh, Philos, Mag. 2, 1 (1957). 

[24] A, A, Griffith, Philos. Trans. Roy. Soc., London, A 221, 163 (1920). 

[25] M. Volmer, Z, Phys, Chem. 125, 151, (1927); A 155, 281 (1931). 


*In Russian. 
** Original Russian pagination. See C.B, Translation. 


608 


[26] G. M. Bartenev, Bull. Acad. Sci. USSR, OTN No. 9 (1955). 
[27] M. S. Aslanova, Proc. Acad. Sci. USSR 95, 1215 (1954). 
[28] M. S, Aslanova and P, A. Rebinder, Proc. Acad. Sci. USSR 96, 299 (1954), 


609 


_peMaRy) Bee Ge HeeH doe sea \ 208 sobatgo A a 


go =) 4 Ase ae : ; 
Yhitat!.<. Avy ae ope > S ” ae aa 


asoary oF the treeet © makes Sociale Revotutfon, Bt 


fea, 4 ‘Cn me 1te..* , ; ‘at es ‘ Be: 
oe. tL teitititien, # A. Wei ntes,; enc OG, o. anys wukc. F tliat pF haiti bation maa stad Jet 

Sak Ponchos of MAFis (ic4, AN S454, 3004), * Caves elie le 
i 1“ As Ravinder, Beww protien Pil ordnortical sp achanice. : Mapes et har Hera sna G noch yor 


. O2s-fotses di Yasiabig Cuneo: my wrth Sve Mottew aiatagial : pean amar vd 8: OO Beg Ae 


af : 
ae by, b kikteinan, doer. sys, Gel BY, 2 (2 Sap, be, Bd oes), i ; a pees 
. _ H 


ioe win + BeBiveder teh, Sond, ved. LGER> ry them, <a ii, vite TTSeR,* *¢ Ya oe 
a ' ioe - 
18} B.A. Robin dad V, UG 9G, fea, of the Get Eaoraar, Camgress lof Serdace Arsiviey, 


5 ee ; : nt ; 
~ peer) % 63. , —< . vy 


So BAY, A Robinder, Vv. L UStionaa, ext |. A, Kochueavenfrac. Acad. Sol, 18am UU, AOTe OM 
WUYW, D4 Romie, A: b. Merew, ©. 0. Thelen, ab SA, Reiger, rot Agee ae ae 


Aime. ** | eu. | 


OO} Ved Libherson, (. A) Reteewers, and i. 5. Mieianuek, Woe. Sead Sh DR 1D, Nes ~ 
Z . Riz} ¥,.A£. babs “ac Y. T.°| An. Proce, Acad. Bey. VA 11 i the prez. pay ps o ran 

s a i -» = 
= POLY, Do, Mralaihie aw gemma, fre. Acad. ‘Srp. TeSRCTRR, ic the peat. a ae 


WEST VY. batten. 0 A. Beenie, end L, toinita, oe seas, Fl, USSH SB, ata 


6) %  Sectiela ees 5 hetiude: , cusmimaries of ony ba the anh Ali-Unien 
Peeiate, Teilid, May Wosinieese. Td ANSNSR, 1008) 108, © 

a a ’ 

287 ¢. D Stiehekis, Pm. ce u 
RG) A. i Goruet, Cinta ation and Pista Jew tn Coyeals Cntninlinedy Prem, Laem. fe 
ASTLL B. fischer, Tintin ADE 194, 601 11.952. 
428) Vo & Uikitman eo ¥. 4 Cees Proc. Awad, Sel, 85R- 00) 6 (208%. 


a i pao * 4 > 4 ’ — oi 
MerG. ¥. Grexvnangl, J. leet. Matele, Na 17, 467419082, toa 7” 


be) 7 
#0) 1. &, @rivkhaznows ond L. De Thoin, Cogiemuing Physics Journal agin 


ij ore. Pron. F “894, 7 
, Sragme 10, cad TA Gesy, 
4 an a@ 
= L. 4 ee 8s Th. Woy, SOG: . <4 Dd 
wh Maou, | ony mi iig : nig 
; ‘i 
J 


THE THEORY OF SPONTANEOUS DISPERSION OF SOLIDS* 


G. M. Bartenev, I. V. Iudina, and P. A. Rebinder 


The adsorptional lowering of strength of solids has been studied in detail [1-5]. 


The cause of the decrease of strength of a solid in a surface-active medium is decrease of surface energy 
at the body~medium interface. Media similar in molecular nature to a given body (fusible metals and alloys 
are such media in relation to metals) decrease its surface tension to very low values, and brittle rupture occurs 
even at small tensile stresses. The surface energy of a body can be decreased so much that the colloidal state 
becomes thermodynamically more stable than the condensed state, and the body begins to break down spontane~ 
ously, in absence of external forces, into particles the dimensions of which correspond to the mosaic blocks in 
the case of single crystals, to individual grains in polycrystals, and to macrostructural regions in glasses. The 
kinetics of this type of breakdown is determined by the existence of structurally weakened boundaries between 
the microregions (blocks of the mosaic structure of a single crystal, grains of polycrystal, macrostructural regions 
in glass, etc.) and internal stresses of the second kind [6] at these boundaries, 


Disintegration of the body occurs along complex planes, intersecting in all directions, and passing along 
the most weakened boundaries. Such spontaneous dispersion differs substantially from ordinary destruction under the 
action of external forces, when rupture occurs in the plane of the greatest tensile force, extending not only 
along the boundaries, but through the microregions themselves. 


Breakdown of the boundaries may be regarded as brittle, apart from slight plastic deformation at the 
vertices of the microcrevices, as the internal stresses are generally small and do not reach the plastic limit. 
This is another significant distinction from destruction under external load, when the rupture of metals is ac- 
companied by appreciable plastic deformation, The role of dislocations in single crystalsreduces to the forma- 
tion of microdefects which form the block boundaries, and which may be characterized by a certain average 
"surface tension® ap at the boundaries. The formation of new dislocations does not play any significant role 
in the spontaneous dispersion process itself, as plastic deformation is virtually absent. 


- The growth of cracks under external stress proceeds at an increasing rate, as the stress on the remaining 
cross section of the specimen increases. Spontaneous dispersion proceeds at a certain average rate, usually 
very low; small variations of this rate are due, not to the development of the process as a whole, but to fluctu- 
ations of the magnitude of the internal stresses and the degree of structural weakening from boundary to boundary 
of the microregions, This constitutes the third distinctive feature of such processes. 


Here we consider the spontaneous dispersion of a single crystal, but the general reasoning is also applic- 
able to polycrystals, where the individual grains play the part (and possible more actively) of the mosaic blocks, 
and to glasses with well-defined macrostructural regions [7]. 

This discussion does not represent a final theory of spontaneous dispersion, but rather consists of an ex- 
amination of the physical nature of the process, its causes, the influence of various factors on it and, finally, 
it includes the derivation of certain criteria, 

The mechanism of brittle destruction. Since the mechanism of crack growth is important in relation to 
the dispersion of solids, the concepts of crack growth on which the subsequent discussion is based must first 


be considered. 


»Paper at the 4th All-Union Conference of Colloid Chemistry in Tbilisi, May 1958. 
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The molecular mechanism of crack growth is considered in a paper by one of the present authors [8]. 
The influence of a surface-active medium was not considered but we shall show that this additional influence 


on the kinetics of crack growth can be taken into account. 


As destruction is a nonequilibrium process, it cannot be examined by the methods of classical thermody- 
namics, All the theories based on thermodynamic relationships (including the theory of Griffiths) can only be 
used to determine the instant when equilibrium breaks down. Investigation of the rupture process itself demands 
a kinetic approach, such as that proposed by one of the authors [8]. We shall consider it briefly here. 


Whereas simple cleavage of bonds between pairs of atoms or molecules does not always involve the sur- 
mounting of a potential-energy barrier, cleavage of any type of bonds in a solid with subsequent formation of 
new surfaces at the apex of the growing microcrevice must involve transition across a barrier. In the paper 
cited [8] the growth of one, the most dangerous, crack was considered, as this provides a basis for the interpretation 
of the whole complex rupture process, which evidently involves interaction of the individual cracks. 


The concepts of the reversibility of microcrevice development in time, the form of the microcrevices [1] 
(Fig. 1), and the role of thermal fluctuations were used by the author to derive an equation for the rate of rup- 
ture, and the latter was used as the basis of a number of experimental relationships. 


If we consider the group of particles at the vertex of the crack,then the left-hand minimum of potential 
energy (Fig. 2) corresponds to the stable state of the particles within the body, and the right-hand minimum, to 
their stable state at the new free surface. In absence of extension (and of an active medium) the barrier Uj is 
always higher than Ug, and the crack does not grow. Moreover, in absence of corrosion processes and internal 
stresses the crack closes up to the defect at which it originated, as it is more probable that the particles are at 
the left-hand rather than the right-hand minimum of the potential curve, 


The tensile stress © at the vertex of the crack 
lowers the barrier U, and raises the barrier U2; this 
increases the probability of transition from the left- 
hand to the right-hand minimum, and decreases the 
probability of the reverse transition. At a definite 
stress Lg, corresponding to the safe load Po, the barriers 
and probabilities of the two states are equal. 2X cor- 
responds to an instant of unstable equilibrium, and 
is the stress below which rupture is impossible in prin-~ 
4a be ciple. Crack growth occurs at stresses above the safe 

value, and crack closure at stresses below it. 2X is 
an equilibrium parameter in the physical sense. 


Fig. 1. Schematic representation of a longitudinal sec- 
tion of a crack under tensile load, The radius of the 
spheres represents the molecular radius; a is the inter- 
particle distance away from the crack. The dash line is 
the edge of the crack; particles before rupture are shown 
to the left, and after rupture, to the right of this line. 


In reality, the molecular picture of crack 
growth and closure is more complex than suggested 
earlier [8] Several particles to the left and right of 
the crack vertex are in an intermediate postion be- 
tween the two equilibrium states, and are maintained 
there owing to interaction with their neighbors to the 
left and right along the potential curve (Fig. 2). It may be assumed that the Particles 6 are already on the 
surface, while Particles 5 are still in the volume. The bonds are broken mainly during the 5-6 transition, when 
the particles are moved apart to a distance of 10-20% greater than the normal. At the moment of rupture,the 
quasi-elastic force reaches its maximum value, corresponding to the theoretical strength calculated from the 
approximate formula 2**0.1-0,2E, where E is Young's modulus, The interparticle distance changes suddenly 
as the result of bond rupture (Fig. 1), and the vertex of the crack moves a distance X, corresponding to one 
interparticle distance, It follows that the atoms (or molecules) do not approach each other asymptotically, as 
was formerly believed in relation to crack configuration, but there is a quite definite physical boundary for 
the transition from continuity to a crack. 


With a single fluctuation, which results in the advance of the crack front by one “step,” the groups of the 
particles simultaneously affected by the fluctuations ("rupture segments” in the terminology used previously [8]), 
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shown as points in Fig. 2, pass along the potential curve, to the right in rupture and to the left in crack closure. 
Fig. 2 represents the process of crack closure after removal of the load( 5 = 0). In this, process Segment 2 
takes the place of Segment 1, Segment 3 takes the place of Segment 2, 4 takes the place of 3, etc. Asa re- 
sult, there is one segment more at the left-hand minimum, and one segment less at the right-hand minimum. 


Instead of this scheme, an equivalent scheme [8] may be 
used: in each single act of closure (or rupture), one segment 
passes from the right-hand (or left-hand) minimum to the other. 
It is probably necessary to introduce a correction factor into the 


> 
pe calculations; however, since the constants in the formulas are 
G found from experimental data, the correction factor is applied 
q automatically. 
8 
5 The safe stress Lp is 
e) 
Qa, ‘ 
py ae (1) 
itetoa ates cyanea on where ¢ is the potential energy of 1 cm? of the surface, deter- 
r : ; 
P mined from the Gibbs~Helmholtz equation; e = a—Tda/0T; 
Fig. 2, Schematic representation of the a is the surface tension of the bond in a given medium, in vacuum 
dependence of the potential energy on the in the particular case; T is the absolute temperature; A* = 
interparticle distance as the particles pass = y+ 1,; the meaning of Ay and X, is clear from Fig. 2, where 


from the crack surfaces into the volume dur- 4 is reckoned from the left-hand and \, from the right-hand 
ing crack closure after removal of the load = minimum. 


(Z = 0). 
Thus, the strength decrease of a body in a surface-active 


medium which lowers its surface tension is caused primarily by a decrease of the stress at which crack growth 
begins, i.e., the safe stress Lp. 


It is interesting to note that Equation (1) for the safe stress eactly coincides with the Polanyi [9] equation 
for the critical stress which, according to Polanyi, corresponds to complete conversion of the work done by ex- 
ternal force (stress) into the energy of the newly formed free surfaces. In reality the elementary stress energy 
at the crack vertex is converted completely into energy of the new surfaces only at stress 2), when the crack 
grows (or closes) infinitely slowly. At stresses above the safe value (including the critical stress), when the 
growth rate of the crack is not zerc, part of the elastic energy is converted into heat and part is expended in 
the formation of additional unevenness of the new surfaces — roughness which increases with increase in the 
crack-growth rate and with transition into the rapid stage of rupture (the mirror zone becomes rough). 


Spontaneous dispersion, Any real crystal contains, in addition to the spatial network of mosaic blocks 
bounded by weak regions, surface defects or microcrevices which form partially even during the growth of the 
crystal. The subsequent history of the crystals, involving mechanical damage to the surface, plastic deforma- 
tions, corrosion processes, and the action of surface-active media, increases the number and the dangerous nature 
of the microcrevices and other surface defects, In spontaneous dispersion,the active medium penetrates along 
these surface cracks into the depth of the single crystal, and then spreads along the boundaries of the mosaic 


blocks. 
The structural weakness of the boundaries is characterized by a certain average surface tension dp. 
Structurally, all the boundaries are weakened, but internal tensile stresses weaken the boundaries, while com- 


pressive stresses strengthen them. 


Internal stresses can be characterized by a certain distribution function, analogous to the distribution 
function proposed by Volkov [10] for polycrystals, Cracks do not grow along compressed boundaries, forming 
strengthened regions. However, as the numbers of weakened and strengthened boundaries are equal (the dis- 
tribution function is symmetrical with respect to extension and compression), a crack can always find a "de- 
tour," and spontaneous dispersion does not stop. Moreover, because of branching of the cracks during their 
growth, it will be a chain process, which is not considered in this paper. 


We now consider the influence of a surface-active medium on crack growth, 
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The strength decrease of solids in an active medium [1-5] is mainly due to two factors: decrease of the 
free surface energy a, and two-dimensional pressure of the adsorbed layer on the steric obstacle at the vertex 
of the crack (the influence of solvation layers is not considered because of the low rate of capillary penetration; 
their role in crack growth is insignificant). 


Decrease of surface energy raises the barrier Ug, but does not affect the barrier Uy, determined by the 
energy of interparticle bond cleavage; therefore the critical stress 2+ remains unchanged. However, the 
safe stress, which is determined by Equation (1), by the surface tension a of the body in the given medium, 
decreases in an active medium. The minimum value ofais zero, when 2% = 0, and the barrier Uz becomes 
equal to the barrier Uy, and the probabilities of the two equilibrium states (in the volume and on the surface) 
become equal, For rupture to occur (which is possible if the probability that the particle is on the surface is 
higher), decrease of the surface tension is by itself insufficient — a tensile stress 2 at the crack vertex is also 
necessary. This stress consists of two parts: 


pA a ad (2) 


where 5° is the consequence of internal stresses of the 2nd kind on the block boundaries, and the additional stress 
Z** is the consequence of two-dimensional pressure of the adsorbed layer. We assume ~* constant along any 
one boundary; the stress 2" is assumed constant, and equal[5] to 


TP ="ACay = ov, (3) 


where the difference (ag — «) is the two-dimensional pressure of the adsorbed layer, applied to unit length of 
the crack front; Qp and « are the surface energies of the body in vacuum and the given medium respectively; 
the surface energy near the crack vertex depends on the interparticle distance y (Fig. 1), but in virtually all 
the regions of the crack accessible to the relatively large molecules of the active medium, a is constant [2]; 
hence A is constant. 


Thus, the role of the active medium in colloidal breakdown consists of; 1) lowering the safe stress; 
2) appearance of the additional stress 2". The role of the dislocations and the mosaic structure of a single 
crystal consists of; 1) the existence of internal stresses at the block boundaries; 2) structure weakening of 
the boundaries, which may be characterized by a certain average "surface tension" ap at the boundaries, 


At low surface tension a, characteristic of spontaneous dispersion, Op, is comparable to a and plays an 
appreciable role, lowering the safe stress: 


: (a =P ae ge kg (4) 


0a 
where T OT is a correction * which we henceforth neglect. 


The derivation of an expression for the rate of crack growth in an active medium is analogous to the 
earlier derivation [8], and gives: 


Nets: WA) Ody Ry * ad, 
v= AY [exp ( kT ) exp(— Kh | ’ (5) 


U f ; 3 
val. |), Vg is the thermal-vibration frequency of the group of particles involved in a single 


kT 
fluctuation; Up is the magnitude of the barriers on the left and right "equalized” at the safe stress; 2 is the 
advance of the crack front during one fluctuation; 2X, = 2~-- Xo; Lp is the safe stress in the medium; w and w" 
are the volumes of the fluctuations in the growth and closure of the crack. 


where Vv = V9 exp(— 


The lower applicability limit of Equation (5) is the condition == YX) and the upper, the condition 


*For example, for liquid metals, a for which has been measured fairly accurately, the correction term 


0a 
T ar is a small fraction of a. 
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X= Xy4, where Xj, isthe growth rate of the crack, equal to the migration rate of the surface-active molecules. 

If the growth rate becomes greater than the migration rate, the front along which the monomolecular layer of 
the surface-active molecules extends lags behind the front of crack growth. The medium then ceases to in- 
fluence the disintegration process, which stops or slows down until the surface-active molecules again reach 

the crack vertex. Since the internal stresses do not exceed the safe stress in vacuum (otherwise the body would 
undergo spontaneous dispersion in vacuum), spontaneous dispersion cannot proceed at a rate exceeding the migra- 
tion rate. The internal stresses at the great majority of the boundaries are so small that it is possible to assume 
that the rate of crack growth along the boundaries is very low, less than the migration rate, which is measur- 
able in meters/second, and Equation (5) can therefore be used. 


Criteria of spontaneous dispersion, The condition for spontaneous dispersion of a solid either in the stressed 
or in the unstressed state is given in an earlier paper [3] 


The probability of the process is taken to be 


(6) 


Vins exp (= — sa ) 


kT 


where o is the stress; 6 is a dimensionless term , not greater than 0,1—-0.5 for rupture of brittle bodies (for 
tensile stresses 6 » 0, for compressive stresses § <0); Vb’; sb’; b is the average linear dimension of 
a colloidal particle. 


In absence of stresses, the surface tension a in the medium, for spontaneous dispersion, must be below a 
certain limiting value a‘,,, which is equal to 


oa ale (7) 


At greater values of a, dispersion can take place only under the influence of stresses, and the limiting surface 
tension a", is 


4 kT 
On eb dbo. (8) 


In accordance with our reasoning, spontaneous dispersion is possible when the total stress £ at the vertex 
of the microcrack is greater than the safe stress Ly in the given medium. If one additional stress 2" proves 
sufficient to bring about the process (Z" > Xp), the process will take place even in absence of internal tensile 
stresses; the latter can merely accelerate it. All the foregoing is valid both in the presence of internal stresses 
and for the particular case of their absence. 


' Thus, the limiting value a’, corresponds to the case in which the safe stress ZL» in the medium is equal 
to the additional stresses 5"; then at a@ < ap, £* > Xp, and breakdown can proceed in absence of internal 
stresses, From Equations (3) and (4) it follows that 


XA’ + 2% (9) 
We Dae a? 


In the stressed state, the limiting value a", corresponds to the surface tension at which the safe stress 
Lp in the medium is equal to the sum of the additional stress 2* and the stress 2*: 


Xp = A(p- 2%) + 2’, 


and hence 


ae Ar’ + 2% b + NX’ (10) 
eee te 
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If £° < 0 (compressive stress), then "my < Q*}> This means that a more active medium, i.e., a med- 
ium which decreases the surface tension to lower values, is needed for spontaneous dispersion. 


Equations (9) and (10) provide an absolute criterion for the occurrence of the process. It is of interest to 
derive a criterion for the occurrence of spontaneous dispersion at a definite, appreciable rate. For this, we 
use Equation (5) for the rate of crack growth v along the block boundaries. Let v have a definite value, suf- 
ficient to make the second exponent negligible, so that we may assume 


4ayy. 
v = hvexp (Se) (5') 


It has been shown [8] that the second exponent may be rejected, and in practice we may start with velocities 
of 10°? cm / second and over. 


Taking logarithms in Equation (5), and taking into account that Up » w( Zs — Xp) (see [8]), we have 


AV 
In gig em yy x, (11) 
Auto aetgaek | oF a a? 


where AV = v, (the critical rate of crack growth). 


Equation (i1) provides the criterion for spontaneous dispersion of a single crystal in the stressed state, at 
a definite rate vy. Since the stress £* varies from boundary to boundary, the rate of crack growth also varies 
from boundary to boundary. 


It should be noted that Equations (7) and (8) are given in the earlier paper [3] as approximate criteria 
associated with a definite probability of destruction. Therefore they must be compared with Equation (11) and 


not (9) and (10). 


The difference between Equations(11) and (8) (equations which refer to the stressed state, and which are 
therefore more general, are being compared) lies primarilyin the fact that Equation (11) contains two additional 
terms. The dimensions of the coefficients of the corresponding terms in the two equations coincide, although the 
coefficients themselves have different meanings; in the earlier paper [3],a whole block was taken as the kinetic 
unit, whereas here we assume that each block boundary is broken down as the result of consecutive fluctuations. 


We shall now show that Equations (11) and (8) are not mutually contradictory in the mathematical sense. 
If the probability of breakdown W is assumed proportional to the breakdown rate v, we can write 


W= Cov. 


Then, if & = 2», there is no breakdown and W = 0, which is in agreement with v=0; if 2= 2,, breakdown 
always occurs at the maximum rate v, = \ Vv» and W = 1, these statements are in agreement if Cy = 1/Avg. 
If we consider the case (w24/kT)>1( w* ® w), we can reject the second exponent, and we then have, after 
rearrangement 


a __ od, _ (@AG%\ fax’ — wAa 
Ws exp( aca Jexp (") exp (ae) : 


The first two factors are constants for the given substance, independent of the medium. Denoting their pro- 
duct by C, and remembering that w has the dimensions of volume, and wA of area, we obtain an expression 
analogous to (6) in structure and dimensions of its constituent terms, although different in physical content. 


Therefore the mathematical difference between Equations (11) and (8) (the presence of two additional 
terms ) is due to the fact that the expression for the probability in the earlier paper [3],the term C, associated 
with constants for a given substance, was not taken into account. 


We now return to Equations (10) and (11); they can be considered from two different standpoints, 


If it is known that Ny block boundaries have internal stresses 6, Np — 0, Ng — Oz, etc. (i.e., if the 
distribution function is known), and if the surface tension a in the medium is also known, it is possible to 
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estimate the degree of dispersion of the body in this medium. Equations (10) and (11) then give the limiting 
value =" ig? Equal to the product of the internal stress o,,_ and the stress-concentration coefficient B at 
which the boundary of two blocks breaks down (infinitely slowly, by Equation (10), or at a definite and appreci- 
able rate, by Equation (11)). All the boundaries with internal stresses greater than 64;,, also break down, and at 
a higher rate. The number of boundaries broken down characterizes the degree of dispersion (theoretically, i.e., 
over a infinite time, by Equation (10), or over a definite time interval by Equation (11)). The problem can be 
stated in another way; what surface-active medium can ensure a given degree of dispersion? Here we are 
given the number of boundaries which must be broken down (either theoretically, or over a definite time inter- 
val), and therefore the limiting value of the internal stress Fim 294 Zim = BS lim- The equations are used 
to find the corresponding surface tension a Any medium which decreases the surface tension to a lower value 
will give a higher degree of dispersion under the same conditions. 


It is of interest to estimate the small values of surface tension at 
which spontaneous dispersion occurs (in absence of internal stresses, which 
facilitate the process). 


For the calculation it is necessary to know the numerical value of 
A in the expression for the additional stress 2 = A(ay— a); it canbe 
estimated as indicated in Fig. 3, where a and b are the two "end" mole- 
cules of the monomolecular layer of surface-active medium, The angle 
gy of the crack in a solid is probably between 1 and 10°. 


Each of the molecules a and b is acted upon by three forces: Fy = 
(a — a) D, where ( ag— &) is the two-dimensional pressure per unit 
length of the boundary of the steric obstacle and D is the diameter of the 


Fig. 3, Origin of an additional active molecules, and the elastic reactions Fy and F3. The required addi- 
stress £* at the crack vertex as tional stress £* = Fy/S, where S can be assumed to be one order of mag- 
the result of two-dimensional nitude greater than the cross section of a molecule of the solid. Since 
pressure of the surface-active spontaneous dispersion occurs only in media similar in molecular nature 
molecules. to the solid, i.e., the diameter D of an active molecule is approximately 


equal to the diameter of a molecule in the solid, then 


For g between 1 and 10°, and cot g between 30 and 3, we have K a noi x* where K is roughly be~ 
tween 3 and 0.3. 


If =* is equal to the safe stress Ly = 2a/X* in the medium, spontaneous dispersion is possible in absence 


of internal stresses, and 


re ky — a 20 
1) ie 


Since \* & D,it follows that the surface tension in the medium must be decreased, relative to its value in 
vacuum, by about one order of magnitude (for metals this gives ~10 ergs> cm”) for spontaneous breakdown 
to be possible (at an infinitely-low rate) even in absence of internal stresses [11], The process occurs at a 
finite rate at which lower values of a. 


For example, the rate of crack growth in metals may be found from Equation (11), with the following 
assumptions: a = 500 dynes /cm?; E = 10000 kg/ mm?, Ay=)A,_,=2.5A; Ap=25A. Since Le  0,2E= 
2° 10 dynes /cm?, the safe stress in vacuum is ZX oy = 2a /r'= 2° 10% dynes /cm? = 0,12 «, and the 
additional stress £", even in the most active media (ax 0) does not exceed the safe stress in vacuum (OME 
Kay /D, where D#A*, and K is between 3 and 0.3), it follows that the critical stress is greater by at least 
one order of magnitude than the additional stress, and the product A(a- «) in Equation (11) may be ignored; 


x’ = 0, there are no internal stresses, 
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Under these conditions the equation for the crack growth rate assumes the simple form: 


i, 
== UCP le en) 


Sybstitution of numerical data into this formula, when Uy ® W 2a, shows that v 10778 cm/second; ‘as 
the second exponent in the rate equation cannot be ignored at such rates, in reality v is even smaller. 


Therefore in absence of internal stresses spontaneous dispersion of metals, already possible in principle 
when the surface tension is lowered by about one order of magnitude, is an infinitesimally slow process even 
in the most active media. It follows that internal stresses play an important rolein the spontaneous dispersion 
of metals under real conditions. 


SUMMARY 


1, The physical principle of the spontaneous dispersion of a single crystal are considered. The main 
conclusions and the method are also applicable to polycrystals and to glasses with clearly defined macro- 
structural regions. 


2, Two criteria for spontaneous dispersion have been derived: a thermodynamic criterion, which gives 
the condition for the start of breakdown of a solid, and a kinetic criterion, which determines the conditions 
for the occurrence of the process at an appreciable rate, 


8, The results of the present investigation are of special interest in relation to the problem of heat resis~ 
tance, because of the great decrease in the strength of high-melting alloys under the influence of small amounts 
of fusible impurities at the grain boundaries (the impurities act as a very active medium). 


The authors offer their thanks to V. L Likhtman and E, D, Shchukin for active discussion of this paper. 
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SOME FEATURES OF THE COMMINUTION OF GRAPHITE 
IN AN AQUEOUS MEDIUM®s 


E. B. Matskevich and P. Iu. Butiagin 


The influence of the medium is strong and often decisive in the grinding of graphite. By variations of 
the medium in fine grinding it is possible to obtain graphites differing sharply in adsorptive capacity, electrical 
conductivity, granulometric composition, and technical properties. Atmospheric oxygen, water, or surface- 
active substances are adsorbed on the newly formed clean graphite surfaces in different media. This fact alone 
partially accounts for the differences in the properties of the ground material. However, in addition to direct 
adsorptional modification of the graphite surface, adsorption leads to a number of important consequences. 


In the grinding of dry graphite the finest particles join to form stable aggregates [1]. The aggregation 
of graphite is comparable to the granulation of carbon black in drums; this process was studied by Voiutskii, 
Zaionchkovskii, and Rubina [2]. At the first stage, the individual particles of carbon black join at the points 
of contact, as in the formation of a coagulation structure in a liquid medium. Such nuclei grow in size and 
become more compact as they travel through the layers of material, and the freshly added particles become 
oriented along the granule surfaces. The granulation of carbon black proceeds more intensively in vacuum; 
additions of hydrocarbons have the reverse effect. 


In the grinding of graphite, granule formation and growth is accompanied by granule breakdown under 
the action of the grinding balls. It is possible that the primary particles constituting the granules are also 
broken down. Feigin [1], who ground dry graphite in a vibratory mill, obtained a product with primary particles 
~100 A in size, with a greater specific surface (up to 600 m?/g) than ordinary carbon blacks, 


The rate of comminution of graphite falls sharply in presence of water vapor. Feigin and Rozhanskii [3] 
showed that if a monomolecular layer of water (or of some organic substances) is formed on the graphite surface, 
the growth rate of new surfaces is decreased 10 to 20-fold. These authors attribute this interesting effect to the 
lubricant action of the adsorption layers, on the assumption that friction forces between the particles are de- 
cisive in the dispersion of dry graphite. 


The comminution rate of graphite is higher in solutions of surface-active substances than in an aqueous 
medium. This is a manifestation of the effect discovered by Rebinder [4], in which dispersion is facilitated by 
adsorption. The commonest active additive in the case of graphite is sulfite liquor [5]. 


Graphite grains are broken down in aqueous suspensions if they come between colliding grinding bodies. 
With this mechanism, analysis of the process kinetics becomes much easier if the comminution of individual 
narrow fractions comprising a polydisperse material is considered independently. Zagustin [6], and later Huttig 
and others [7] applied a first-order reaction equation to the kinetics of comminution, on the assumption that 
the destruction rate of the grains of each fraction is directly proportional to its content in the whole material, 
and is independent of the quantitative proportions of the other fraction or of the final products of grinding. 


As an example, we may consider a very simple, ideal mechanism of the process; the original mono- 
disperse material consists of grains x in size; destruction of the original grains results in formation of particles 


*Paper at the 4th All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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of size 1; destruction of these yields secondary products with particle size rp, etc. The final product consists 
of particles of size rz. The material undergoes comminution by collisions of the grinding bodies; provided 


that each collision is sufficiently effective, we have 


dn ‘ i me; dn, a 
— 7 =4/8,N, or with a =a,n,:)— a7) = a8) Nny, ey 


where n., is the number of particles of diameter x in the material; N is the number of collisions of the grind- 
ing bodies per unit time; a’, is the probability of location of particles of diameter r between the grinding 
bodies during their collision; a, is the corresponding probability for one particle of diameter z; By is the 
probability of destruction of a particle under impact of the grinding bodies. 


From the number of grains ny we can pass to their volume V,, and then to their volume concentration 
c, = V; /V in the material: 


de dc 
——. - — Br lV cp or — a = k rCry (2) 


where ky = a;6,N is the destruction-rate constant (hour™4). 
Changes of the volume concentration cy of the fractions 1, ty, ty. . Tk are represented by equations of 


the forms: ~ 


dc 


n 


ores hinijCn—4 — knen, (3) 


where always ky > ky >... > kp >... kg =0, andcot cyt... + Cpt... + cpl. 


The specific surfaces S of the material at any instant is given by the sum: 


eos : (Foe ket + Fye +.  Fne*™* +... + Ff), (4) 


where F = F(k, r). 


The exponential functions in the right-hand side of Equation (4) can be resolved into series by power of 
kr; then, if only the first two terms of the series are taken (which is permissible at small values of r, so long 
as kr = 0.2) for any values of ky and r, we have 


S = Sq(1— ko =" s) in StS wrk eee (5) 
1 

where Sg is the specific surface of the original material, and AS, is the increase of specific surface in the 
formation of the primary destruction products from the original grains. 


Equation (5) connects the rate of growth of fresh surface with the destruction-rate constant, calculated 
from changes in the particle-size composition, for an ideal simplest case of volume destruction of a mono- 
disperse material, 


Equation (5) can be used in the derivation of an equation for the initial growth rate of the specific sur- 
face in the comminution of a polydisperse material; 


Tmax 


(a5 Ns) aa \ Crk, AS, dr. (6) 


Tmin 


For integration of Equation (6) it is necessary to know the dependence of ky and AS, on the particle size, and 
the particle-size distribution function of the original material, 
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The destruction-rate constants in the grinding of quartz sand and glass powder in ball mills were deter- 
mined by Zagustin [6] and Huttig [8] The rate constants for the grinding of graphite in an aqueous medium in 
ball mills were calculated from Morachevskaia and Figurovskii's experimental data [9]. It was found that in all 
cases, for very different materials, the rate constant is directly proportional to the square of the grain diameter. 
This quadratic relationship is probably the consequence of the fact that the probability that the grains will be 
found between the grinding bodies (the quantity , in Equation (2)) is proportional to their cross-sectional 
area, 


In our experiments on the comminution of graphite in vibratory mills, the rate of the process was estimated 
from the destruction-rate constants and the rate of increase of the specific surface; the adsorption of the active 
additive on the newly formed graphite surface was determined at the same time.* 


For determinations of the adsorption of the active additive on the newly formed graphite surface, a technique 
was developed whereby the concentration of the additive in aqueous solutions was found from the electrical 
conductivity of standard graphite suspensions, Conductivity was determined by the usual method with a high- 
frequency tube oscillator and Wheatstone bridge. The conductivity cell was semicircular in cross section, with 
4m radius; the platinum electrodes were placed at the ends 40 mm apart. 


Figure 1 shows the results obtained in conductivity determinations with Taiga graphite (S = 12 m?/g; 
heated at 380° before the experiments), in aqueous solutions containing different concentrations of sulfite 
liquor. The graphite~solution ratio was 1:1. With increase of the sulfite liquor concentration in the original 
solution to 9 mg/cc, the conductivity of the suspension is decreased almost 
10-fold. This effect is caused by weakening of the contacts in the coagu- 


aa 
U-10)2 
lation structure by adsorption of the active additive on the graphite surface. 


The curve in Fig, 1 was used as a calibration graph for determination 
800 of the sulfite liquor concentrations in the solutions, The test solution and 
standard graphite were made into a paste, its conductivity was measured, 
and the concentration of the additive was found from the curve. The measure- 
500 ments and calculations take about 10 minutes, while the accuracy is roughly 
20%, In determinations of the sulfite liquor concentration in the aqueous 
phase, most of the graphite should first be separated by means of a centri- 


400 
fuge. 


200 The specific surface of the graphites was determined by adsorption 
of methylene blue from aqueous solutions, Before the determinations, all 
the specimens were heated in presence of atmospheric oxygen at 360-380°, 
wae. # 6&C..mg/ ce to clean the graphite surface. This treatment burns out the organic substances 
(flotation reagents and surface-active additives), and the graphite surface 


Fig. 1. Conductivity of graphite i Bed. 


suspensions in sulfite liquor solu- 

tions of various concentrations, The adsorption isotherms of methylene blue on graphite have hori- 
zontal regions at equilibrium concentrations of 0.02 mg/cc and over, Ad- 

sorption of 1 mg of methylene blue under saturation conditions corresponds to the covering of 1 m? of the car- 

bon surface. For comparison, the specific surfaces of several graphite samples were determined by the BET 

method from the adsorption isotherms of nitrogen and water vapor. All three methods gave similar results 

when the specific surface of the graphite was less than 20 m?/g, 


The particle-size compostion of the graphites was determined sedimentometrically, either by the pipet 
or by the areometer method. Both methods give reproducible results, in agreement with each other. Sulfite 
liquor was used for stabilization of the graphite suspensions in the determinations. 


The specific surfaces of ground graphite and of the sediment collected after a 4% suspension had settled 
for 1 hour are given in Table 1. 


When dry graphite is ground, the comminuted material and the sediment have equal specific surfaces, 
i.e., aggregates and not individual large particles settle out of the suspension, and sedimentation analysis is 


*S. S, Koriagina took part in the experimental work. 
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unsuitable for determination of the primary-particle size of the graphite, The use of other stabilizers (Leukanol, 
bentonite), repeated rolling of the material, treatment with sulfurichydrochloric acid mixture, vacuum "con- 
ditioning" before stabilization, and other methods did not give satisfactory results, It is interesting to note that 
in sieve analysis the residue on a 0060 sieve has almost the same specific surface as the unsifted graphite; i.e., 
it consists of stable granules which are not broken 
down when the moist material isrubbed through a fine 


Test on Separation of Graphite by Sedimentation sleve, 


TABLE 1 


Whe graphite is ground in sulfite liquor solu- 
tion, the specific surface of the ground material is 
double that of the sediment, In this case sedimenta- 
tion separates the graphite into fine and coarse frac~ 
graphite af- : tions, and the results of sedimentometric analysis 

Bebe sediment ; 
ter grinding may be regarded as reliable. 


Specific surface, 
m?/g 


Grinding method 


For comparative evaluation of the granulo- 
metric composition of graphites ground in different 
media, briquets were pressed from the graphite pow- 
5.5 der heated at 380° and their density was determined. 
The briquets were 20 mm in diameter, the weight 


of graphite was 4 g, and the molding pressure was 500 kg/ cm*, This technique was developed by Morachev- 
skaia [10]. 


Dry 
In aqueous solution of 
sulfite liquor 


The original Taiga graphite (KT brand ) contained 97% carbon; its specific surface was 4-8 m?/g, with 
up to 2% residue on a 0060 sieve, The granulometric composition of the original graphite is satisfactorily 
represented by the Rosin~Rammler equation; 


d 
100 —_Q= 100e — bre Ol s Gpoccmt a = 1006 (n— 1) ph—le— brn (7) 


where Q is the percentage content of grains of diameter rx and less, and b and n are constants. For different 
batches of the original graphite the constant n was always 2, while the constant b varied from 1.1 + 107% to 


3.4+ 1073 4%2; the maximum on the particle-size distribution curve corresponds to the 15-30 p range, 


In most of the experiments the graphite was ground in M200- 1.5 and M10-3,0 vibratory mills. The 
grinding medium consisted of steel balls from 8 to 16 mm in diameter, Samples for analysis were taken from 
the mill at definite time intervals from the start of the experiment. From 2 to 5 duplicate grindings were per- 
formed under the same conditions for each experiment. The experimental conditions are given in Table 2, 


TABLE 2 


Experimental Conditions in the Grinding of Graphite in Vibratory Mills, 


Graphite |Vibration Duration of 


Expt. Type of Medium Ball charge, |amplitude, | experiment, 
No, mill charge,k kg mm hours 
4 M10 | Air 30 2 a2 6 
2 M10 Water 28—30 | 1,8—2,0) 1,383—41,5 9 
3-4 M10 Aqueous solution 28—30 | 4,8—2,0) 1,3—4,5 3,5—24,5 
5 M200 of sulfite liquor /640—680 | 20-25] 1)9-2'2 | 2'5—3 0 
6 M200 640—680 | 20-25] 4,5-1.7 | 3'0-3'5 


In grinding in water and in sulfite liquor solution, the moisture content of the graphite suspension was 50-60% 
(by weight). The contents of sulfite liquor were up to 4% in Experiment 3, and up to 15% in Experiment 4 (on 
the weight of graphite), 
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Variations of the granulometric composition of graphite during prolonged grinding in an aqueous solution 
of sulfite liquor are shown in Fig, 2 (Experiment 4). In Fig. 3, a and 3,b the contents of grains of different 
sizes in the graphite are plotted against the grinding time, All the curves in Fig. 3,a and 3,b can be classified 
into three groups according to the nature of their initial regions, and the material of the curves. The first 
group (1st fraction, r > 15) includes Curves 30, 20, and 15, The content of this fraction decreases continu- 
ously. The second group includes Curves 12, 5 and 4 (2nd fraction, 15 > r > 34). The curves of this group 


first ascend steeply, then pass through a maximum. The third group includes Curves 3 (3rd fraction, r < 3); 
its ascending region is S~shaped. 


Variations of the quantitative proportions of the three fractions in the course of grinding are shown in 
Fig. 3,c. During the first few hours mainly grains of the 1st fraction are broken down, with formation of the 
primary products ~ grains of the 2nd fraction, After 5 hours the content of the 2nd fraction reaches 80%, and 
this is followed by rapid formation of secondary destruction products = particles smaller than 3 Le 


Qh 


Fig. 2, Particle-size composition of graphite after grinding (Experiment 4); a) Original; 
b) 1.5 hours; c) 3 hours; d) 5.2 hours; e) 10.5 hours; f) 15.5 hours; g) 24 hours. 
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Fig. 3, Variation of the concentrations of graphite grains of different sizes during grind- 
ing (Experiment 4); In Figures a and b, the numbers on the curves represent the grain 
sizes in y; in Figure, c: J) fraction of 15y and over; Il) fraction of 315y; IM) fraction 
of 3y and less, 
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The destruction rates of the grains in the 1st and 2nd fractions are satisfactorily represented by Equation 
(2) (see Fig. 4). The variations of the destruction-rate constant with the grain size in different experiments 
are plotted in Fig. 5. As in the grinding of graphite and other materials in ball mills, the ares constant is direct~ 
ly proportional to the square of the grain diameter. The proportionality coefficient a = k/ r is a direct measure 
of the destructionrate of the material under the given conditions. 


The quadratic relationship between the rate constant and grain size accounts for the accumulation of 
considerable amounts of intermediate destruction products in the material, and for the existence of a practical 
limit of comminution. 


Ky « 4 Thours 


IONS (2025 SP rt 


Fig. 4. Effect of grinding time on the concentration Fig, 5. Variation of destruction-rate constant with 
of graphite grains of different sizes (numbers on the graphite grain size. The numbers on the curves cor- 
curves). Calculated from Equation (2). respond to the numbers of experiments (Table 2). 


In the experiment under consideration, the initial growth rate of the specific surface (see Fig. 6, Curve 
4) is approximately 1.8 m?/g- hour. The k(x) and c(r) relationships are known. It may be assumed in the 
first approximation that AS, is inversely proportional to the grain diameter, i.e., ASy=m/r. Then integra~ 
tion of Equation (6) gives 


(dS/dt). 9 = lam, (8) 


where I depends only on the granulometric composition of the material. In the present instance I = 24, a-= 
0,54. 107%: (dS/dt),_, 0 = 1.8; hence m=150. Therefore, with original grains 30 y in pens the 
increase of specific surface in the formation of the primary destruction products is approximately 5 m? / g. 


When graphite was ground in water without surface~active additive (Fig, 5, Experiment 2), the lowest 
destruction=rate constants were found, and a = 0.24- 1078 pe. hour"!, i,e., the destruction rate of the graphite 
grains increased almost 2.5-fold in presence of the surface~active additive. 


In the third experiment, 3-4% of sulfite liquor was added to the graphite suspension. The decrease in the 
concentration of particles 20 y in size is represented by the broken Line 3 (Fig. 6,a). Initially this line co- 
incides with the straight line for Experiment 4 (excess of sulfite liquor), but after about 2 hours the destruction 
rate decreased; the second region of Line 3 is parallel to Line 2, which represents grinding without the active 
additive, 


Analogous results were obtained in determinations of specific surface (see Fig. 6,b); in Experiment 3 
the first point is close to Curve 4, while all the others lie considerably lower. The ratio of the increases of 
specific surface in Experiments 2 and 4, like the ratio of the rate constants, is approximately 2,5. 


Curves for the variations of the sulfite liquor concentration in Experiments 3 and 4 are given in Fig. 6,c. 
In Experiment 3 the concentration of the active additive fell to 3-5 mg/cc after 2 hours, This was the time 
at the end of which the decrease in the rate of the process, as shown by changes in the granulometric composi- 
tion and specific surface, was noted; the rate of the process is greatest while the comminution proceeds in sul- 
fite liquor solution, i.e., while the active additive can be adsorbed on the graphite surface as soon as the lat- 
ter is formed. As soon as the concentration of sulfite liquor falls to a few mg/cc, the rate of the process drops 
to a level corresponding to comminution in absence of active additive. 
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In a number of experiments on the comminution of graphite ,the sulfite liquor concentration in each sample 
was determined twice: once immediately after sampling, and the second time after two hours of shaking, The 
results coincided in every case, so that it may be assumed that the equilibrium concentrations of the sulfite 
liquor were determined. The concentration decreases as the result of adsorption on the newly formed graphite 
surfaces. The amount adsorbed can be found from the difference between the concentrations of the active 
additive in the original suspension and in each sample (if the volume of the system is known). 


ASm2/g b } 
Hk ] Cs, mg/ ce Cc 
B 4 80 


0 Ms 4 6r hours 0 2 4 


6chours 0 2 4 6 f hours 


Fig. 6. Variations of the concentration of 20 particles (a) , specific surface (b), 
and sulfite liquor concentration in the aqueous phase of the graphite suspension(c) 


during grinding. The numbers on the curves correspond to the experiment number 
(Table 2). 


The experimental and calculated results are plotted in Fig. 7. The adsorption of the active additive, 
in mg per g of graphite, is plotted against the increase of the specific surface of the graphite. The results 
of 8 experiments performed under different conditions are given in the graph. All the points are ranged around 
one straight line. The absolute adsorption of the active additive per 1 m” of newly formed graphite surface 
was calculated from the slope of this line; the value was found to be 14 4 3 mg/m’ 


In the grinding of dry graphite (see Line 1, Fig. 6,b) the rate of increase of specific surface is constant, 
and is 10 times the rate in an aqueous medium (Experiment 2), This result is in good agreement with Feigin's 
data [3] The rate constants could not be calculated for this experiment, as comminution of dry graphite is 


accompanied by its granulation, amd sedimentation analysis is unsuitable for determination of the particle- 
size distribution curve. 


r, mg/g 


of F  “$° BS mA/E 


Fig. 7. Adsorption of active additive on 


Fig. 8. Specific volume of pressed graphites: 
newly formed graphite surface. 


1) Graphites ground in aqueous media; 2) 
graphites ground dry. 


For comparison of the particle-size composition of graphites comminuted in different media, the speci- 
fic volume of the pressed powders was determined. In Fig. 8 the specific volume of the briquets is plotted 
against the specific surface of the graphite. The specific volume is always less graphites ground dry (Line 2) 
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than for graphites ground in water or in a solution of sulfite liquor (Line 1). Thetwo limes meet at a point 
close to the specific volume of graphite crystals, 


Figure 8 also contains the results of tests on graphites with their particle~size composition modified 
artificially; the black circles represent the specific volumes of classified graphites with narrow ranges of grain 
size, and the white circles represent the specific volumes of classified powdered graphite to which 5, 10 and 
15% of a fine fraction with particles smaller than 0.5 and specific surface 38 m* /g had been added, The 
black circles lie around Line 1, and the white, around Line 2; i.e., the density of the briquets was increased 
by addition of the fine fraction. It is likely that the higher density of the briquets resulting from dry grinding 
is also due to heterogeneity of the particle-size composition of the graphite, and the presence of fine fraction 
formed as the result of friction [3]. 


Thus, comminution of dry graphite not only results in a sharp increase in the growth rate of the specific 
surface, but also alters the properties of the comminuted product = its secondary structure (granulation effect, 
see Table 1), and the particle-size composition. 


SUMMARY 


1, The use of different media (water, surface-active solutions, air) for the fine grinding of graphite re- 
sults in variations of the rate of the process, its kinetics, the particle-size composition, and the secondary struc- 
ture of the breakdown products, The influence of the medium is associated with adsorption of water or surface- 
active substances on the newly-formed graphite surface, the adsorptional decrease of strength (Rebinder effect), 
and the stabilizing and lubricating action of the adsorption layers, 


2. When graphite is ground in an aqueous medium, the rate of grain destruction is directly proportional 
to the square of the grain diameter and to the grain content in the material. Breakdown of original grains 
10-50 y in diameter yields primary destruction products with particles 3-15y in size. The content of this frac~ 
tion in the material gradually increases and reaches 80% by volume; this stage is followed by predominant 
formation of secondary destruction products with particles of 3 uw and less, The increase of specific surface 
in the formation of primary destruction products from the original grains is roughly 4-6 m? /g, 


3, The rate of increase of the specific surface and the rate of breakdown of the graphite grains in grind- 
ing on aqueous solutions of sulfite liquor are roughly 2,5 times the corresponding rates in water. The increase 
of the comminution rate is due to adsorption of the active additive on the graphite surface at the instant of its 


formation, i.e., adsorptional facilitation of the dispersion process. The absolute adsorption of the active addi- 
tive on the newly formed graphite surface is independent of the comminution conditions, and is 14 + 3 mg/ m?’, 


The authors express their sincere gratitude to Academician P, A. Rebinder for his constant attention and 
interest, 
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LETTERS TO THE EDITOR 


GEL FORMATION IN THE MASTICATION OF NATURAL RUBBER, 


AND ITS INFLUENCE ON VULCANIZATE STRENGTH 


B, A. Dogadkin and V. N. Kuleznev 


Angier and Watson observed formation of spatial structures (gels) in polychloroprene rubber [1], certain 
GRS fractions, and butadiene-acrylonitrile rubber [2], under the influence of powerful shearing forces during 
treatment in a specially designed scroll-type masticator [3], This gel formation was considered to be a speci- 
fic characteristic of synthetic rubbers; no one has reported gel formation in the mastication of natural rubber 
(NR). In our experiments, described below, an insoluble gel was formed in NR. Weighed samples of extracted 
smoked sheet were masticated in an argon atmosphere containing not more than 0.05% oxygen, on specially 
designed rolls [4], with 0.12 mm gap between the rolls cooled intensively with water. 
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10 20 JO 40 50 60 
Mastication time (min) 
Molecular changes in natural rubber during mastication in argon: 
1) Molecular weight by light scattering; 2) amount of gel; 3) 
intrinsic viscosity; 3) Huggins constant. 


The formation of an insoluble fraction (gel) at the early stages of mastication was established in repeated 
experiments, Its maximum content (after 10 minutes of mastication) reaches 20%, and further milling results 
in mechanical dispersion of the gel fraction, so that after 60 minutes of mastication the rubber is again com- 
pletely soluble in the common solvents, However, the masticated rubber contains formations branched to such 
an extent that most of them (~80%) are precipitated from octane solution by centrifugation at 12000 r.p.m. 
for an hour. Molecular weight determinations, based on changes in the light scattering of the solutions at an 
angle of 90°, showed that the molecular weights of the sol fractions of the masticated samples increase during 
mastication, reaching 2,500,000 after 60 minutes. The true molecular weight of the particles is apparently of 
major significance, as a correction for the asymmetry of the scattering particles was not applied. 


Gel formation is not observed if the argon contains more than 0.1% of oxygen, which stabilizes the free 
radicals formed in the mechanical rupture of the molecular chains of the rubber. 


In absence of oxygen, secondary reactions of the radicals lead to the formation of branched molecules, 
which are more compact particles offering less resistance to shearing deformations, and therefore the intrinsic 
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viscosity (and hence the average molecular weight determined from the viscosity) decreases in the course of 
mastication. The slope of the n sp /c curves, which is a measure of the Huggins constant k', decreases dur- 
ing mastication; this suggests that the structural fragments in microgel form are spherical, with a higher den- 
sity of the rubber substance in the molecular coil. 


A very important fact is that the presence of branched formations (microgel) in natural rubber masticated 
under the conditions described lowers the tensile strength of unfilled sulfur vulcanizates to 20-40 kg/ cm?, 1s; 
to values typical for unfilled vulcanizates of noncrystallizing synthetic rubbers. It is known that the strength of 
vulcanizates of natural rubber, masticated normally in presence of air, reaches 200-250 kg/ cm*, Thus, the 
mechanical strength of rubber vulcanizates depends not only on the molecular structure, which is determined 
by the composition, relative positions, and sequence of the atomic groups, but also on the degree of branching 
of the molecules,* and in particular on the presence of microgels in the rubber. 


The M. V. Lomonosov Institute of Fine Received June 10, 1958 
Chemical Technology, Moscow 
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THE ROLE OF THE STRUCTUROMECHANICAL FACTOR 


IN EMULSION STABILITY* 


A. B. Taubman and A. F. Koretskii 


We found in a study of the stabilizing action of bentonite clay on emulsions of hydrocarbon liquids in 
water,that stable emulsions can be obtained with the aid of solid- emulsifier monolayers only in the presence 
of adsorption layers of metal soaps formed in the bentonite particles during emulsification by the interaction 
of Al5* ions and stearic acid, present in the aqueous and oil phases,respectively [1]. 


It was suggested that this effect is associated with the 
high strength of the adsorption layers of such basic soaps, 
formed in a quite definite pH region. 


rmin 
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Further investigations showed that this suggestion is 
correct, and that there is a direct quantitative relationship 
between the strength of the structuromechanical barrier and 
emulsion stability. The graph shows variations of the yield 
stress (P;) of the adsorption layer at the CCl4—water interface, 
formed from the stearic acid and AlCl, present in the respec~ 
tive phases (Curve 1), and the stability (r) of O/ W emulsions 
of these liquids (Curve 2), with pH; according to the pH, 
either basic aluminum soaps may be formed (at pH 4.5-7.5), 
or soaps of normal composition, outside this pH range [2]. 


0 
60 


JO 
It is seen that emulsion stability shows a strict correla- 


tion with the strength of the interfacial adsorption layer; more- 
over, if the strength becomes zero, the emulsions not only lose 
stability, but undergo inversion. 


This interesting effect of strong stabilization of O/ W 
emulsions by hydrophobic aluminum soaps arises in the pre- 
/ ; sence of a solid colloidal phase (basic aluminum chloride, 
BAe’ Ot PE ae es ot we ieee formed in the pH range 4.5-7.5 if the Al ion content in solu- 
yeh ro sponge pe pag le gee serie cae is adequate). Particles of this solid phase adhere to the 
i aia yi sire, ie oeterespacthpmnte , emulsifier particles and serve as nuclei on which chemisorbed 
5 Sil te el a aaa rae layers of the strong basic soap are formed on contact with the 
(2). "oil® droplets, The solid phase -adsorption layer complex 
formed, because of its diphilic nature (hydrophilichydrophobic structure), has the optimum mosaic character- 
istics for firm fixation on the interface, resulting in reliable *armoring™ of the emulsion droplets, which are 
thereby protected against coalescence. 


Institute of Physical Chemistry, Academy of Sciences Received June 15, 1958 
USSR, Moscow 


Division of Disperse Systems 


“* Paper at the 4th All-Union Conference of Colloid Chemistry in Tbilisi, May 1958. 
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CURRENT EVENTS 


THE FOURTH ALL~UNION CONFERENCE ON COLLOID CHEMISTRY 


From May 12 to 16, 1958, the Fourth All-Union Conference on Colloid Chemistry was held in Tbilisi, 
to summarize the results obtained by Soviet workers in in this field during the past four years (the Third Con- 
ference was held in Minsk in December 1953). 


This conference was convened in Tbilisi by the Division of Chemical Sciences, Academy of Sciences 
USSR, and the Academy of Sciences, Georgian SSR, Because of the significance of the work on colloid chemis- 
try which is being successfully carried out by Georgian physical chemists, 


The conference consisted of five sections (I — surface phenomena and stability of disperse systems, II — 
adsorption, formation and destruction of aerosols, III — physicochemical mechanics, processes of structure forma- 
tion, IV — colloid chemistry of clays and peat, and V — disperse systems in polymers, and semicolloids). 


More than 150 papers and communications were presented at the conference; 10 of these were given at 
plenary sessions. 


The conference was attended by about 360 delegates, representing most of scientific centers of the Soviet 
Union in which research is done on colloid chemistry. 


Scientists and representatives of industry of Tbilisi, and senior students took part in the meetings of the 
conference, 


It is interesting to note that at the preceding conference, the Third All-Union Conference in Minsk, 200 
delegates were present and only 62 papers were given. 


These figures clearly demonstrate the rapid growth of research in colloid chemistry, in full accord with 
its significance in science and the national economy of the USSR. 


The importance and topicality of the physical chemistry of colloids and surface phenomena lie in the 
fact that the substances studied in this field include the most important technological materials ~ metals and 
alloys, ceramics, sintered metals, all building and road materials, clays and soils, polymeric materials, food 
products, detergents, and other surface-active substances, Therefore the work of the conference acquired spec- 
ial importance in relation to the decisions of the May Plenum of the Central Committee of the CPSU on the 
development of our chemical industry, and also in relation to thedecisions of the 2nd All-Union Conference 
of Builders, held in the Kremlin in March of this year. 


It is to be reported with satisfaction that, as the result of the extensive work by the Organizing Committee, 
the summaries of the papers were printed before the opening of the conference, This was of great help in dis- 
cussions, and made it possible to include in the program, after the main communications, additional addresses 
which are noted in the "Summaries." Therefore in this brief survey we confine ourselves to enumeration of 
the most important research trends and the names of the authors, 


At the opening of the conference, our oldest colloid chemist A. V. Dumanskii was unanimously elected 
Honorary Chairman. In his introductory address,A, V. Dumanskii briefly outlined the history of colloid research 
in the USSR, 

In papers at three plenary sessions, P. A. Rebinder, V. A. Kargin, B, V. Deriagin, M. E, Shishniashvili, 
and M. P. Volarovich reviewed a number of new fundamental trends represented in the work of the sections, 


Work on polymers, polymer solutions, and semicolloids was widely represented at the conference, Papers 
were presented by V. A. Kargin and his associates; by V. N. Tsvetkov, S. M, Lipatov and their associates, and 
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others, on the structure of polymer solutions and the mechanism of gel formation; by A. L Iurzhenko et al. 
and by P. M, Khomikovskii on the mechanism of emulsion polymerization; by B. A. Dogadkin et al. on the 
formation and properties of interpolymers of natural and butadiene~styrene rubber; by P, IL Zubov on the 
mechanism of polymer film formation in adhesion processes; by S. S, Voiutskii and D. M. Sandomirskii on the 
colloidal properties of latex systems; by A. S. Kuz*minskii and A, P, Pisarenko on the properties of rubber 
solutions; byV. A. Pchelin on the structural and mechanical properties of gelatin gels; by A, V. Dumanskii 

et al. on new methods for studying soap and gel structures; and by N. A. Demchenko on solubilization in soap 


solutions, 


Particular attention was devoted to the work of the section on physicochemical mechanics and structure 


formation. 


This included the presentation and discussion of papers by P. A. Rebinder and his school (E. E. Segalova, 
Tu Yu-ju, Z. N. Markina, E, Stoklosa, As M. Smirnova and others) on structure formation during hardening of 
mineral cements(building materials) and on the physicochemical principles of a new concrete technology (N. V. 
Mikhailov et al.), The paper by. O. P. Mchedlov~-Petrosian was also concerned with this group of subjects. 


The papers by A, A. Trapeznikov, S. S, Voiutskii and B, la, lampol'skii, and G. V. Vinogradov dealt 
with rheology and structure formation in oleophilic systems (greases, printing inks, hydrocarbon ‘suspensions, 
etc.). The mechanism of printing processes and the influence of the rheological properties of printing inks on 
these processes were considered in L. A. Kozarovitskii's paper. 


A number of papers — by L N. Vlodavets, P. A. Rebinder, and others — were concerned with structure 
formation in food products, 


The influence of adsorption on deformation processes, rheological behavior, and destruction of solids 
and metals was discussed in papers by V. I. Likhtman, G. M. Bartenev, E. D. Shchukin, and P, A. Rebinder. 
P, A. Thiessen (Democratic German Republic ) reported on surface dispersion of solids, and Linde (Democratic 
German Republic) presented a theory of the influence of surface layers on the kinetics of heterogeneous diffusion 
exchange, 


Structure formation was also the main theme at the section of the colloid chemistry of clays and peat, 
at which Georgian physical chemists (M. E. Shishniashvili and his associates), and M. P. Volarovich et al., 
N. N. Serb-Serbina, N, Ja. Denisov, Z. Ia. Berestneva, A. S. Korzhuev, S. P. Nichiporenko, G. V. Kukoley, F. D. 
Ovcharenko, L N, Antipov-Karataev and others used new concepts in this field for the interpretation of the 
technological and constructional (engineering and geological) properties of soils, rocks, clays, and peats, 


At the section devoted to surface phenomena and stability of disperse systems, one of the most important 
problems of colloid chemistry ~ the mechanism and theory of colloid stability and coagulation = was considered 
in a large number of papers by B, V. Deriagin and his school, and a number of other authors. These included 
the paper by B. V. Deriagin (jointly with B, N. Kabanov) on the interaction of crossed metal threads in elec- 
trolyte solutions. In addition to the papers by B. V. Deriagin and his associates, papers by the Bulgarian physical 
chemist A, D.Sheludko and by M. B, Radvinskii were on the subject of the stability of free films and foams, 
and S, V. Nerpin’s paper dealt with the hydromechanics and thermodynamics of thin films, and their influence 
on soil properties, Catalytic processes in foams were considered in S, Iu. Elovich's paper. The paper by Iu. M. 
Glazman et al, was devoted to the first mathematical theory of ionic antagonism. 


The papers by O. N. Grigorov, D. A. Fridrikhsberg, and S. G. Teletov were concerned with the electro- 
kinetic properties of colloids in relation to their coagulation by electrolytes. 


E, M, Nanobashvili presented a paper on her researches on radiation colloid chemistry. 


The section of surface phenomena included papers by B. A. Dogadkin on activated adsorption of sulfur 
and rubber on carbon blacks, by S. G, Mokrushin on the formation of thin colloidal films, and by N. A. Krotova 
on the influence of electric fields on the dispersing of liquids, 


The papers by E, M, Natanson, V. G. Levich, L. la, Kremnev, and A. B, Taubman were concerned with 
investigations of emulsion and suspension stability in relation to the stabilizing action of the structuromechanical 
properties of protective surface layers, 
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Papers on the influence of adsorption of vapors by condensation nuclei on the formation of aqueous 
aerosols were presented by P. S. Prokhorov, B V. Deriagin, G, I. Izmailova, and S. S. Dukhin. The kinetics 
of aerosol formation and destruction was considered by R. I. Kaishev (Bulgaria) and O, M. Todes, and thermo- 
phoresis effects, by N, A. Fuks. 


Results of studies of kinetic wetting in the collection of dust by surface~active solutions were reported by 
A, B, Taubman and P, L Ermilov. 


In the adsorption section, mention must be made of the papers by A, N. Frumkin et al., M. M. Dubinin, 
B, P. Bering, V. V. Serpinskii, V. M. Luk*ianovich, L. V. Radushkevich, G, V. Tsitsishvili, N. F. Ermolenko, 
and a number of other authors, on adsorption from vapors and from liquid media. 


Active part was taken in the conference by eminent scientists from the People’s Democracies: member 
of the Bulgarian Academy of Sciences Professor R. Kaishev, Assistant Professor of Sofia University A. A. Sheludko; 
member of the Berlin Academy of Sciences Professor P. A, Thiessen, and Dr. Linde, from the German Demo- 
cratic Republic; Professor of Lublin University, A. Waksmundzki from Poland; Dr. Spurny from Czechoslovakia. 


Animated discussions on current problems of colloid chemistry took place at the meeting of the sections. 
Among these discussions, which have helped in the development of new scientific trends, special mention must 
be made of the discussion on the problem of the stability of disperse systems, in connection with the papers by 
B. V. Deriagin et al., V. G. Levich, lu. M, Glazman, and others. 


The work of the sections was efficiently organized. Nevertheless, the conference program was somewhat 
overloaded, and this hindered discussion in a number of cases, 


The work of the conference attracted the attention of many sections of the community in the Georgian 
capital, and was reported in the periodical press. 


The Tbilisi group of the Organization Committee, in cooperation with the Academy of Sciences, Georgian 
SSR and the leading Georgian institutions, did much preparative work which ensured the success of the con- 
ference. 


It may be stated in conclusion that the work of the Fourth Colloid Conference was at a high level, and 
assisted in uniting the efforts of Soviet colloid chemists in the fulfillment of their honorable task - to take 
creative part in the solution of the important problems raised by the party and Government, in relation to the 
production of new synthetic materials based on polymers, and of new building materials. 


A. B. Taubman 
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THE VISCOSITY OF TOTALLY DESTRUCTURIZED CLAY SUSPENSIONS, 
AND THE EFFECT OF SODIUM HYDROXIDE ON ITe# 


L. A. Abduragimova and N. G. Alekperova 


It has been shown [1] that aqueous suspensions of bentonite clays have a pseudoelastic region at low shear 
stresses, in which they flow at a virtually constant very high viscosity m9, of the order of 10°-10° poises. Increase 
of the shear stress leads to a sharp drop of viscosity, by 8-9 orders of magnitude, when the practical yield value is 
exceeded. The region of minimum constant viscosity, corresponding to ultimate breakdown of the structure, was 
determined by means of the Ubbelohde capillary viscosimeter in fairly dilute suspensions of benpontte clays (4,7, 
and 10% suspensions of Oglanli clay). 


In the present investigation of the viscosity of totally destructurized clay suspensions, a capillary viscosi- 
meter was used, whereby the rheological properties of clay suspensions of any concentration could be studied at 
a relatively high shear stresses. The clay suspension was pumped from a storage vessel 1 liter in capacity, through 
a capillary in a vertical position, into a receiver, under the influence of a pressure difference at the capillary 
ends, produced by a vacuum pump. The viscosity of the clay suspensions was calculated from the Poiseuille 
equation [2]; the volume of the suspension passing through the capillary was found from its density and the weight 
which flowed through the capillary in the given time. 


The viscosimeter was tested by determination of the viscosity of water at 28° in streamline flow (Fig. 1). The 
viscosity behavior of clay suspensions was studied over a wide range of velocity gradients and shear stresses, Slip- 
page along the capillary walls is possible in the flow of clay suspensions [3], but as the experiments were perform- 
ed at considerably higher shear stresses, in the region of maximum structural breakdown or close to it, when the 
viscosity of clay suspensions is between 0.1 and 1 poise, slippage of the system should be slight if it occurs at all. 


The results were plotted in the form of rheological curves representing the velocity gradient (e=de/dr) as 
a function of the stress (P). The Newtonian viscosity of the system was calculated from the cotangent of the slope 
of the linear region of the rheological curve, the continuation of which passes through the coordinate origin (Figs. 
1,2). - 
The Newtonian viscosity of a clay suspension remains constant up to stresses corresponding to transition 
from laminar to turbulent flow. In the rheological curves the turbulent-flow region is represented by straight lines » 
the continuation of which cuts the ordinate axis. If wide capillaries are used with dilute suspensions, it is possible 
' to reach turbulent flow before maximum structural breakdown, i.e., before the minimum constant viscosity is 


reached. 

Newtonian viscosity, unlike anomalous viscosity, does not depend on the capillary radius or on the time of 
efflux through the capillary (Fig. 3). 

In the region of anomalous viscosity, on the other hand, the lower the efflux rate, the greater are the viscosity 


changes in relation to the efflux time at constant shear stress (Fig. 3). 


Figs. 1 and 2 present rheological curves for ten-day 35, 40, 45, 50, and 55 % suspensions of Zykh (kaolin) 
clay. The Newtonian viscosities of ten-day suspensions of Ramanin (kaolin) and Gekmalin (bentonite) clays, 


calculated from the rheological curves, are given in the Table. 


It follows from Figs. 1 and 2 and the Table that the viscosity of the clay duspensions increases sharply with 


* Paper at the IVth All-Union Conference on Colloid Chemistry in Tbilisi, May 1958. 
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increase of the solid-phase concentration. The experimental values of the minimum constant viscosity for all the 
systems studied are at least 10 times the values calculated from the Einstein equation [2]. 


1000 
Fig. 1. Rheological curves: 


1) Water, nm = 0.089 poise; suspensions of 
Zykh clay: 2) 35%, nm = 0.049 poise; 3) 
40%, n= 0.071 poise. 4) 45% nm = 0.119 


poise. 


o 4000 ©5000 


Fig. 2. Rheological curves for Zykh 


clay suspensions: 


1) 50%, nm = 0.3 poise; 2) 55% 


Nm = 1.0 poise. 


100 -P dynes/cm? 


6000 Bdynes/cm 


The probable cause of the deviations of the Newtonian 
viscosity of these systems from the Einstein equation, apart 
from the particle shape, degree of particle hydration, and their 
spontaneous dispersion, mainly lies in the fact that in the ny 
region the system consists, not of individual primary particles, 
but of particle aggregates (structural fragments) which do not 
undergo further breakdown, and the cavities of which contain 
water in the immobilized state. According to Rebinder [4], 
the strength of such aggregates is due to cohesion of the 
particles at the corners and edges, through very thin hydra- 
tion layers. The structure of the suspension formed by cohesion 
of the particles through relatively thick hydration layers, is 
weak, and is broken down completely when the maximum 
shear stress P;, is reached. 


The Newtonian viscosity of bentonite clay suspensions 
depends on their age (time from the moment of preparation). 
The viscosity of 15% Gekmalin clay suspension increases 
from 0.193 to 0.342 poise in 10 days; that of a 15% askangel 
suspension, from 0.200 to 0.660 poise (Fig. 4). The Newtonian 
viscosity of an askangel suspension continues to change after 
10 days; after 30 days the viscosity of a 15% askangel suspen~ 
sion rises to 0.940 poise. The Newtonian viscosity of kaolin 
clays changes very little with time. The Newtonian viscosity 
of 45% Zykh clay suspension increases from 0.104 to 0.119 
poise in 10 days. The increase of the Newtonian viscosity of 
bentonite clays with time is in all probability caused by in- 
crease in the size of the aggregates (structure fragments) as 
the result of hydration and spontaneous dispersion of the par - 
ticles,and also by slow attenuation of the thin interlayers be- 
tween the particles [5], i.e., as the result of strengthening of 
the bonds between the particles, 


The influence of alkali on the viscosity of totally destruc- 
turized bentonite and kaolin clay suspensions is a subject of 
great interest. It is known that small amounts of surface- 
active electrolytes can be used for active regulation of the 
colloidal properties of disperse systems, and are used widely 
for this purpose in technology. The technical properties of 


Effect of Solid-Phase Content on 1m of Clay Suspensions 
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Concentration of 
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disperse systems (cements, concretes, clay suspensions, etc.) can be deliberately controlled if the mechanism 
of the action of various substances on their structural and mechanical properties is known. The properties of 
clay suspensions used in oil-well drilling are improved by such additives as carbon~alkali reagent, sulfite waste 
liquour, carboxymethylcellulose, etc.; NaOH is a constant component of all chemically~treated drilling muds. 
We studied the effect of alkali on the Newtonian viscosity of Zykh, Ramanin, and Gekmalin clays, Fig. 5 shows 
gtaphs of the Newtonian viscoisty against the percentage of alkali in the liquid phase in 10-day suspensions, 
calculated from the rheological curves. Fig. 5 shows that the first additions of alkali increase the Newtonian 
viscosity of the clay suspensions, but further additions reduce it. 


0 2000 7000 P dynes/cm’ 


Fig. 3. (I) Effect of capillary radius on the 
Newtonian viscosity of 12% Gekmalin clay 
suspension: 

r=0.11 cm,ry= 0.09 cm, r, = 0.083 cm. 

(il) Effect of efflux time on the Newtonian 
viscosity of 50e, Zykh clay suspension: 

P = 2580.2 dynes/cm’; P,= 3911.7 dynes/ 
cm’; P, = 4312.4 dynes/ cm”, 


Im, POises 


0 days 


Fig. 4. Effect of age on the Newtonian 
viscosity of clay suspensions: 

1) Zykh, 45%; 2) Gekmalin, 15%; 3) 
askangel, 15%, 


One factor causing changes of Newtonian viscosity when 
alkali acts on a clay suspension is alteration of the composi~ 
tion of the exchange complex of the clay owing to ion ex- 
change between the clay and the alkali. The influence of 
changing composition of the exchange complex may be 
eliminated if pure Na kaolin and Na bentonite clays are used. 
We therefore prepared Na Ramanin, Na Zykh, and Na Gekmalin 
clays by the Gedroits method [5]. 


Curves for the Newtonian viscosity of ten-day suspensions 
of Na clays against the alkali concentration are presented in 
Fig. 6. As in the case of native clays, the first additions of 
alkali increase the Newtonian viscosity of Na clays, but 
further additions decrease it. 


It is also interesting to note that replacement of the 
exchange complex by Na produces a sharp increase of New- 
tonian viscosity in bentonite clays, but only a slight one in 
kaolin clays. The Newtonian viscosity of a 15% suspension 
of native Gekmalin clay is 0.342 poise, and that of a 15% 
suspension of Gekmalin Na bentonite is 6.2 poises. Replace- 
ment of the exchange complex by Na in Zykh and Ramain 
clays changes the viscosity of 40% suspensions of these clays 
from 0.071 and 0.106 poises to 0.150 and 0.216 poises res~ 
pectively. 


04 0% 


0 Qi Ge G3 


Fig. 5. Effect of alkali concentration on the 
Newtonian viscosity of clay suspensions: 

1) Ramanin, 25%; 2) Zykh, 40%; 3) Ramanin, 
35%; 4) Gekmalin, 15% 
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For elucidation of the role of the alkali added to clay suspensions, we studied the sorption of alkali by 
both native and Na clays. The sorption of alkali by the clays was determined by titration of filtrates from 
suspensions of 5 g of bentonite and 10 g of kaolin clays in 100 ml of water, by hydrochloric acid in presence of 


methy] orange. 


The suspensions were filtered and the filtrates titrated 24 hours after preparation, i.e., after the equilibrium 


concentration (c) had become established. 


Ym, POise 


a Qi 02 Q3 th 
Fig. 6. Effect of alkali concentration on the New- 
tonian viscosity of clay suspensions: 
1) Na Ramanin, 40%; 2) Na Zykh, 40%; 3) Na 
Gekmalin, 8%. 
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aig! g NaOH/g day 
S 


& g NaOH/100 cc 
Fig. 7. Isotherms for the adsorption of alkali on 
clays: 
a) 1) Zykh; 2) Ramanin; 3) Gekmalin; 
b) 1) Na Zykh; 2) Na Ramanin; 3) Na Gekmalin; 
a) not washed; b) washed free of electrolytes. 


To eliminate the influence of water sorbed by the 
clays, the clays were previously soaked for 3-4 days in 
definite amounts of water, corresponding to their swelling. 
In the case of Zykh and Ramanin clays, the swelling of 
which is 100 and 1209, respectively, preliminary soaking 
has hardly any effect on the sorption of alkali. In the 
case of Gekmalin clay, and especially of Na Gekmalin 
clay, the swelling of which is 600 and 1000% respec- 
tively, preliminary soaking results in higher values of 
alkali sorption. The cause of the difference between 
the amounts of alkali taken up by bentonite clay with- 
out and with previous soaking is that in absence of pre- 
vious soaking the volume of the filtrate is considerably 
less, because of the considerable swelling of the clay, 
and this distorts the results. 


Curves for the sorption of alkali by previously 
soaked Zykh, Ramanin, and Gekmalin clays are plotted 
in Fig...7. 

Fig. 7 shows that Gekmalin clay takes up the 
most alkali. 


In the case of native clays, decrease of the amount 
of alkali in solution (i.e., sorption) may be caused by: 1) 
ion exchange between the alkali and the clay, toa 
certain extent, 2) reactions between the alkali and salts 
present in the clay, and 3) adsorption. 


In order to eliminate the influence of the ex- 
change reaction between the alkali and clay, and of 
reactions between the alkali and the soluble salts present 
in the clay, the sorption of alkali was also studied for 
Na-substituted kaolin and bentonite clays washed free 
of electrolytes. The Na clays can take up alkali by ad- 
sorption only. 


It follows from Fig. 7 that substitution of the ex- 
change complex of Gekmalin clay by Na results in a 


considerable increase of the capacity of the clay for alkali. In the case of Na Gekmalin clay the maximum sorp- 
tion of alkali was not reached, probably because of further spontaneous dispersion of the particles with increase 


of the alkali concentration. 


Nearly all the alkali (80-90%) adsorbed by the clays can be removed by water as the result of very pro-- 
longed repeated washings, or by dialysis for two months or more. The fact that the alkali can be washed out by 
water suggests that the adsorption is of a physical character. 


Adsorption of caustic soda by the particle surfaces in clay suspensions results in the formation of diffuse 
hydration layers of different thickness, which depends on the concentration of the added NaOH. At low concen- 
trations of NaOH in solution, such additions result in increases of these layers and this favors spontaneous disper- 
sion and formation of loose aggregates (fragments of the structural network) with a large amount of immobilized 
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water, with an increase in the volume of the “solid phase” (in the Einstein equation [2]), and therefore an in- 
crease of n,. 


When an amount of alkali causing compression of the diffuse layer is added, the bonds at the points of 
contact are strengthened, the aggregates become more compact, and immobilized water is liberated; this leads 
to a decrease of nm. 


SUMMARY 


1. The rheological properties of suspensions of native and of Na Ramanin, Na Zykh, and Na Gekmalin 
clays, with and without additions of alkali, have been studied at relatively large shear stresses, Newtonian vis~- 
cosity, independent of the capillary radius and efflux time, has been detected in all the clay suspensions. 


2. Deviations of the Newtonian viscosity (nm) from the values predicted by the Einstein equation are prob- 
ably caused, apart from the particle shape, their hydration, and spontaneous dispersion, by the fact that in the 
Nm region the system consists not of primary disconnected particles but of aggregates (fragments of the structural 
network ), which are not broken down further, and the cavities of which contain immobilized water, The strength 
of such aggregates is due to cohesion of the particles at their corners and edges through very thin interlayers of 
the dispersion medium. 


3. Curves for the adsorption of alkali by native and Na clays have been plotted. It is shown that bentonite 
clays, and in particular Na bentonites, have the greatest adsorption capacity for alkali. 


4, The influence of added alkali in the Newtonian viscosity (nm) of native and Na clays has been studied. 
The first additions of alkali increase ny, and subsequent additions decrease it, 


In conclusion, we offer our sincere gratitude to Academician P. A. Rebinder and to N, N. Serb-Serbina for 
valuable advice and guidance in the work and in analysis of the results. 
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INFLUENCE OF TEMPERATURE ON THE EXCHANGE OF COBALT 
AND COPPER CATIONS ON ORGANIC CATION~EXCHANGE RESINS 


L. S. Aleksandrova and S. Iu. Elovich 


lon exchange has been the subject of intensive study for 60 years. In view of the growing use of ion-ex- 
change chromatography, with the aid of organic ion exchangers, interest in various aspects of the action of ion 
exchangers has been growing continuously in recent years. 


The use of ion exchangers at elevated temperatures for accurate separation of ions has been described [1]. 


However, very little work has been done on the influence of temperature on ion-exchange adsorption in 
relation to various properties of the adsorbents. There have only been some isolated studies of the influence of 
temperature on the rate at which equilibrium is reached. The equilibrium itself, and the effect of temperature 
on its characteristics, have been studied very little. Boyd, Schubert, and Adamson [2] studied the temperature 
effect of ion-exchange adsorption for the system sodium-potassium on Amberlite IR-1 resin. The determinations 
were performed over a limited temperature range, from 13.5 to 30°. The heat of adsorption was roughly estimated 
as 2+ 2kcalymole. Kressman and Kitchener [3] found that the heat of adsorption on a sulfonated-phenol cation 
exchanger in the exchange of potassium and hydrogen ions is 1.95 kcal/mole. The temperature range of the 
investigation was between 1.5 and 40°. 


Duncan and Listrer [4] studied ion-exchange equilibrium between sodium and hydrogen ions, and also be- 
tween barium and hydrogen ions. The cation exchanger was Dowex-50, which contains the functional group HSOx. 
The effect of temperature on sorption was studied at 20 and 87, and the heat of sorption for the system Na — 
was found to be 525-720 cal/ mole. 


According to Duncan's calculations [5] the heat of adsorption for the system barium~-hydrogen varied greatly 
in the range of 2000-6000 cal/ mole. 

Mention must also be made of the work of Dickel and Nieciecki[ 6], who studied the kinetics of ion-exchange | 
equilibrium of the alkali elements in relation to cation exchangers in the hydrogen form. The resins used were 
Levatites $100 and KS, which are sulfonated-styrene adsorbents, and Wofatit KS, which belongs to the class of 


phenol-formaldehyde resins. The exchange constant was determined from only one point of equilibrium concen- 
tration, at 0, 25, 50 and 75°. The determinations were performed in the concentration region of about 0.005 N. 


The temperature coefficient of adsorption was found to be small. 


Certain published data [7] indicate that the exchange capacity of inorganic ions on certain organic and 
inorganic cation exchangers increases with temperature, It has been shown [8] that temperature has no appreciable 
influence on exchange on glauconite. Several workers [9] have also found that increase of temperature has no 
appreciable influence on the equilibrium distribution of ions of the same valence. 


Walton [10] found that the temperature effect of ion-exchange sorption should not exceed 2 kcal/mole, and 
can be considerable only for weakly acidic cation exchangers. 

However, the influence of temperature on ion exchange has not been studied sufficiently: the experimental 
data are fragmentary and unsystematic. 

We studied the ion-exchange equilibrium of cu” and Co® ions on two organic cation exchangers in the range 
from 20 to 75°. 
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The resins were: KU-2, which is a sulfonated-styrene resin with a strongly acid HSO; , functional group, 
and RF, containing the PO(OH), functional group, much less acid than the sulfo group. The resins were crushed 
to 20-50 mesh and converted into the hydrogen form. The capacity of KU-2 was 4.18 meq/g, and of RF, 1.79 
meq/g, calculated on the dry resin. The swelling of KU-2 was 262.5%, and of RF, 161. 4%. 


The time for equilibrium to be reached was ~1 hour for KU~-2 resin, and 4-5 hours for RF resin. The origi- 
nal solutions contained cobalt and copper at the following concentrations: 0.005; 0.01; 0.02; 0.03; 0.04; 0.05 and 
0.1N. The equilibrium determinations were performed at approximately constant ionic strenght, which was 


maintained by additions of 0.2 N HCl solution. 


Method. 1 g of resin in a flask was covered with 20 ml of the appropriate salt solution. The flasks with 
the solutions were then placed in a thermostat and shaken for 5 hours at the required temperature. The equilib- 
rium concentration of Cu” ions was determined iodometrically; the Co” concentration was determined by 
means of the nitroso R salt, and the Co™ isotope was also used. The volume changes caused by increase of tem- 
perature were taken into account in the determinations of the initial and equilibrium concentrations. 

The equilibrium was calculated by means of the Nikol'skii equation 

Ly at 
IMe ZeUK aMe 
WH an 


*) 


where q Mé and Gy are the amounts of bivalent ions and hydrogen ions adsorbed; ame and ayy are the equili- 
brium activities of these ions. The determinations were carried out at approximately constant ionic strength. The 


ionic strength of the equilibrium solutions varied in the 10-15% range. 


The principal data on the exchange isotherms are given in Table 1. 


TABLE 1 
Data on Exchange Isotherms 


KU-2 resin RF resin 
Co?+ Cutt Co*+ Cut 


#C lequilib- |amount fequilib- |amo ili ili 
i unt fequilib- famount Jfequilib- |amount 
sie Mere adsorbed rium con adsorbed |rium con-adsorbed |rium con-4 adsorbed 
Tatlo In centrati in centration in ce i i 
: : C : ntratio In 
i meas meq g ede meq/g fin meq/ |meq/g fin meq/ |meq/g 
m ml ml 


20 0,00027 | 0,0970 | 0,0003 0,1324 | 0,00214 | 0,0655 0,0019 | 0,066 
0,00042 | 0,1950 | 0,0007 0.,2582 | 0,00489 |} 0,1215 0,0038 | 0,130 
0,00115 | 0,3857 | 0,0013 0,5165 | 0,01490 | 0,2304 0,0086 | 0,237 
0,00263 | 0,5600 | 0,0032 0,7459 | 0,01743 | 0,2878 0,0145 | 0,327 
0,00382 | 0,740 0,0043 0,9813 | 0,0242 0, 3657 0,0196 | 0,433 
0,00510 | 0,919 0,0067 1,1537 | 0,03037 | 0,4680 0,027 0,479 
0,01710 | 41,6923 | 0,0249 2,0925 | 0,07241 | 0,632 0,0674 | 0,708 

40 0,90028 | 0,1380 | 0,0004 0,164 0,90475 | 0,1245 0,0053 | 0,118 
0,00333 | 0,6660 | 0,00405 | 0,774 00322 0,4195 0,0310 | 0,471 
0,01076 | 1,4689 | 0,0140 1,452 0,0742 0, 6044 0,0722 | 0,704 

75 0,00028 | 0,1370 | 0,00049 | 0,1623 | 0,0533 0,0081 0,0058 | 0,1052 
0,0030 0,6659 | 0,00457 | 0,765 0,0310 0,375 0,0333 ; 0,400 
0,01126 | 1,4571 | 0,0163 1,419 0,0769 | 0,5046 0,0745 | 0,632 


The data are plotted in the coordinates of the Nikol'skii equation in Figs. 1 and 2. The points fit on straight 
lines passing through the origin. The lines for adsorption on RF resins lie lower with increase of temperature (Fiy, 1), 
This means that the adsorption of cobalt and copper ions, relative to the adsorption of hydrogen ions, decreases 


/ 


with increase of temperature. 


The exchange of cobalt and copper on RF resin may be represented as; 


Co* + 2HR = CoRa + 2H+ + Q;; 
Cu** + 2HR > CuR, + 2H+ + Qy. 
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Here Q; and Q, > 0. The reaction of exchange adsorption proceeds from left to right, with a positive heat 
effect. 


A different result is obtained for KU-2 resin (Fig. 2), The points representing adsorption of cobalt ions 
at 20,40, and 70° lie on the same straight line. 


The adsorption of Cu* ions has a small temperature effect; the adsorption of cue ions decreases with 
increase of temperature. 


The exchange constants at different temperatures are given in Table 2, 


In Fig. 3,a the logarithm of the exchange-adsorption constant is plotted against the reciprocal absolute 
temperature, The experimental points fit satisfactorily on straight lines, The heats of adsorption (Q) for the 
systems Cu“— H* and Co” —H* on RF resin are 1260 and 1040 cal/ mole respectively. 


¢ 98 G4 BG GG OVE, nfo,» G2 Gh OG BPO VG uo 
a b 
Fig. 1. Adsorption of copper (a) and cobalt (b) ions on RF resin at 20, 40, and 
(im 


In the case of the system Cu?" — Ht on KU-2 resin the heat of adsorption (Q) is only ~600 cal/ mole (Fig. 
3,b), while for the system Co?*—Ht the heat of adsorption cannot be calculated. In calculations of the heats of 
adsorption it was assumed that the activity coefficients depend little on the temperature; this is known to be the 


case for a number of ions. 


TABLE 2 


Exchange Constants 


system system system 
+ + 


0.62 11 


Tempera- 
fare, .C 


20 
40 
75 


A number of authors have shown [11] that, if swelling adsorbents are used, changes in the distribution of 
ions between the adsorbent and solution may lead to water being taken up by or displaced from the resin, and 
hence to changes in the degree of hydration of the ions in the adsorbent. This factor should influence the energy 
of adsorption. We studied the swelling of the resins used in our experiments. The degree of swelling was deter- 
mined under the same conditions as were used for the adsorption experiments. The results are presented in Tables 


3 and 4. 
It foilows from Tables 3 and 4 that the volume of the adsorbent remains almost unchanged during adsorp- 


tion at all the temperatures used. The slight systematic volume change does not exceed 2.5%. In most instances 
the changes do not exceed 19, of the initial volume. In view of the rough method used for estimation of swelling, 
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and because of lack of data on the coefficient of thermal expansion of the resins used, we cannot attach any 
significance to these changes, and we assume that within the accuracy limits of our experiments the degree of 
swelling of the resins is virtually constant. Consistent values for the exchange constants were therefore obtained, 
as resins of constant properties were used for the adsorption. 


TABLE 3 


Swelling of RF Resin, as % of Initial Volume 


Cu(NO,)s Co(NO,)s 
Tempera~ | o4nycutt+ in| 0,05vCu’+ in} 0,1vcott in| 0,01NCot in] %4N HCl H:0 
tree 0.2NHCI 0.2NHCI 0,2NHC) 0,2NHCI 
leeds. 

20 164,8 164,0 163,4 166 ,3 ; 159,6 161,4 

40 164,8 163,14 162,2 164,8 159 ,6 161 ,4 

75 | 162 ,2 161,4 161,4 163 ,1 159,6 161,4 

TABLE 4 


Swelling of KU-2 Resin, as % of Initial Volume 


Cu(NO,)2 Co(NO,)2 
Tempera- i Z 
t P C 0.4NCu+t jn | 0,02NCue+ in| 0,4NCo% in | 0,01NCo*+in| 04N HCl H20 
ea 0,2NHCI 0,2NHCI 0,2NHCL 0,2NHCI 
20 243.0 247,3 Bad PASH eit 202 ,6 262,5 
40 247,5 2950,0 250,0 203,90 204,4 262,2 
Wis) 248 ,2 ANS IO po 20256 201 ,8 268 ,7 
VG c.2/Fys VI o02*/Gys 
40° 
Of 06 
e 
% 
gh a4 
ge a? g 
G2 Qs V6, 2t/Cys G2 Q4 Cr pr/Cs 
a b 


Fig. 2. Adsorption of copper (a) and cobalt (b) ions on KU-2 
resin at 20, 40, and 75°. 


Our results confirm the views of many of the workers cited above, concerning the low value of the tempera -~ 
ture coefficient of ion-exchange adsorption. 


The heat of sorption of Co* on KU~-2 resin was found to be almost zero. The equilibrium constant K may 
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be represented as follows: 

Kas Kgee ee 
where Q is the heat of sorption. For adsorption of cobalt on KU-2 resin, Q w 0. This means that the value of 
the exchange constant for Co” on KU-2 is determined only by the entropy term Kp. The fact that no heat is 
evolved in ion-exchange adsorption shows that replacement of two hydrogen ions by a cobalt ion does not alter 
the state of the ions in the adsorbent as compared with their state in solution. 


lox lg Kk 
1s, { 
ar 
100 a alt 
Zr 
Cu". Cu 

{72 x 

16% 
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Fig. 3. Temperature coefficients of adsorption: 
a) of copper and cobalt on RF resin; b) copper on KU-2 resin. 


The degree of hydration of the ions evidently remains unchanged. This is consistent with the well-known 
tule that the adsorption series of ions in relation to a given resin coincides with the series of ions in order of their : 
hydrated radii in solution. The sole exception is sorption of hydrogen ions by adsorbents with weakly acidic func- 
tional groups. In such a case the hydrogen ion, being stably held by the anion of the functional group, readily 
displaces other ions; as the hydrogen ion passes from solution to the site of adsorption, the weakly acidic functional 
group, the state of the hydrogen ion, and in particular its degree of hydration, is greatly changed, and some water 
molecules are therefore displaced from the hydration zone into the solution. The heat of formation of an undis- 
sociated molecule of a weak acid may be considerable. For example, for the second stage of dissociation of 
phosphoric acid Q-#4000 cal [12]. 


When a hydrogen ion in the weakly acidic functional group is displaced by some cation, transhydration of 
the ions usually takes place, and this determines the heat of ion-exchange adsorption. The absolute value of the 
exchange constant is also determined by the entropy term. 


In the light of these considerations, the cation-exchange equation may be written as follows: 


Me*?-mH,O-+-2HR -nH,022MeR, -n,H,O+-zH*-m,H,O--[(m- nz)— 
—(zm,---ny)]H,O-+-@. 


The heat effect may be either positive or negative, However, the more weakly-acidic the resin used, the 
more probable it is, under the same conditions, that the temperature coefficient of the above reaction is negative. 


Our resins, RF and KU-2, belong to groups of resins differing in their degree of swelling. However, calcula- 
tion of the number of molecules of water per functional group within the resin shows that in the conditions of our 
adsorption experiments this number is 19.6 for KU-2 resin, and 20.0 for RF resin. The two adsorbents are therefore 
approximately the same with regard to the structure of the solution within the resin. Therefore the main dif- 
ference between them must be attributed to differences in the acidity of the functional groups. As our experiments 
were performed in an acid medium, the dissociation of the second hydroxyl group of the phosphoric acid in the 


resin was disregarded. 


For a strongly swollen adsorbent of low capacity it may be assumed that the structure of the electrolyte 
within the adsorbent does not differ from the structure outside the resin. In the case of not very concentrated 
electrolytes, there is a short-range and a long-range order of water molecules. Samoilov [13] introduced the 
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concept of short-range coordination, corresponding to a definite number of water molecules bound directly to 

the electrolyte ion. Beyond these water molecules there is a much larger number of water molecules, held much 
less strongly by the central electrolyte ion. If this structure is retained, then interaction between the adsorbed 
ion and the functional group occurs at relatively large distances, and therefore small differences in the hydrated 
ion radii have very little influence on their adsorption. The hydrated radii of cobalt and copper ions, determined 
by Stokes’ law, are 3.56 and 3,37 A respectively [14]. The crystallographic radius of the Co” ion is 0.82 A, and 
of the Cu? ion, 0.79 A [14]. The ionic radii remain similar in solution [15]. 


The numbers of water molecules in the hydration layers, determined by Stoxes’ law, differ somewhat; the 


value is 8 for Co” , and 7 for Cu? . 


With resins of a lower degree of swelling and relatively high capacity the structure of the solution described 
above is no longer retained. It then corresponds to the structure of concentrated solutions, with a more uniform 
arrangement of water molecules, and gradual elimination of the "long-range order” of the water molecules. 
Interaction between the adsorbed ions and the functional groups then occurs at shorter distances, and the differences 
between the ions become more prominent. These effects were observed by Samuelson [16] for two sulfonated 
polystyrene resins of different degrees of swelling. The less-swollen resin proved to be the more selective. 


In a paper cited above [11], the author modified the equation for the ion-exchange isotherm by allowing 
for the change of the resin volume in adsorption. 


In the present instance we evidently determined the heat effect without the interfering effect of swelling 
during adsorption. 
SUMMARY 


1. Isotherms for the adsorption of bivalent cobalt and copper ions on two adsorbents have been determined: 
on KU-2 sulfonated-polystyrene resin, and on RF resin containing the PO(OH), functional group. 


2. Isotherms at 20, 40, and 75 at approximately constant ionic strength have been determined. The tem- 
perature effect for KU-2 resin was very slight. The temperature effect in adsorption on the weakly acidic RF 
resin was ~1000 cal/ mole. 


3. The temperature effect of adsorption is largely associated with the degree of acidity of the functional 
groups of the resins. 
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STUDIES OF THE PHYSICOCHEMICAL PROPERTIES OF TIRE-CORD FIBERS 
1. HEATS OF SOLUTION OF CAPRON FIBERS 


V. A. Berestnev, T. V. Gatovskaia, V. A. Kargin, and E, la. laminskaia 


It is known that many valuable properties of cords deteriorate during production and use of tires. This is 
caused mainly by the action of heat and mechanical forces, and may be determined either by changes of fiber 
microstructure, i.e., changes in the flexibility of the molecular chains, their packing density, crystallinity of the 
polymer, etc., or by changes in the macrostructure, associated with growth of macroscopic defects in the fiber 
(microscopic cracks, voids, etc. ). 


The purpose of the present work was to study changes in the microstructure of capron cord caused by different 
treatments. Changes of polymer structure may be studied by means of thermodynamic methods. The method 
used in this investigation was determination of the integral heats of solution, which gave an indication of changes 
in the degree of crystallinity of polycaprolactam [1]. 


Samples of standard capron cord fiber were used in the investigation. The samples were subjected to heat 
and mechanical treatments. For the heat treatment, the samples were heated in air or in water. For the mechan- 
ical treatment, the fibers were stretched on a metal frame under a load of 10.5 kg, which is~80 % of the 
breaking load. The elongation was 22%. The fiber fixed in the frame was either heated in air or water, or left 
in the stretched state at room temperature. Another form of mechanical treatment was repeated extension under 
a load of about 50% of the breaking load, to induce dynamic fatigue. Finally, for evaluation of changes in the 
cord microstructure on total destruction of the fiber, the original cords were milled at room temperature for 1 hour. 
This yielded a "milled" sample, which had the appearance of a fibrous powder. 


The heats of solution of different samples of capron cord fiber in concentrated (95%) formic acid were 
determined in an adiabatic calorimeter [2]. The accuracy was 0.1 cal. 


The results of the determinations are given in the Table. Comparison of the heat of solution of the original 
sample and of heat-treated samples shows that the heat of solution decreases as the result of heat treatment;this 
can be due only to increased crystallinity of the polymer. The increase of crystallinity is less in the sample 
heated in air than in the sample heated in water. 


Rotation x-ray patterns of original (a) and milled (b) capron cord. 


651 


The data in the Table show that the decrease of the heat of solution produced by the action of boiling 
water differs for two fiber samples (Nos 2 and 4), whereas it is the same for samples heated in air. Since the 
effects of heat on the original and stretched samples are the same (the heat of solution is decreased to the same 
extent when the samples are heated in air), it follows that the difference between the heats of solution of Samples 
Nos 2 and 4 must be due to differences in the plasticizing effect of water. This hypothesis is confirmed by data 
on the sorption of water by capron fibers at high vapor pressures [3]. The dependence of hygroscopicity on the 
degree of orientation of the polymer is especially prominent in that region. According to those data, the dif- 
ference between the sorption capacities of stretched and unstretched fibers in the saturation region is 50%, In 
our case the difference between the changes in the heats of solution is only 0.77 cal/g, or only 25% of 2.81 kcal/g. 
which is the total difference between the heats of solution of Samples 1 and 2. The discrepancy between the 
sorption and the calorimetric data is easily explained if it is remembered that our original cord sample had al- 
ready been stretched during manufacture of the fiber, and that the treatment was carried out at a high temperature, 
when the hygroscopicity is lower. 


Effect of Different Treatments on the Heat of Solution of Capron Fibers in 95 Formic 
Acid 


Deviation from orig- 
inal 


Heat of 
solution 


Treatment 


1 Original sample (standard cord) 
2 Heated 3 hrs in boiling water,not stretched 27 
3 ™ " " " gir at 100 ,not stretched 12.5 
4 Stretched under 80% breaking load and 

then heated for 3 hrs in boiling water 20 
5 The same,with subsequent heating at 

100° for 3 hrs in air 12 
6 The same,left without heating for 6 days 0 
7 Repeated extension (to failure) 2.6 
8 Milling for 1 hour at 20° 24.5 


Thus, if capron cord is heated, especially in presence of water, its heat of solution in formic acid is de- 
creased considerably; this indicates an increase of the crystallinity of the polymer. Naturally, this lowers the 
elasticity of the fiber and the performance characteristics of the cord deteriorate. 


Samples Nos 6 and 7 were subjected to mechanical action only, without heat. Sample No. 6 was in a 

stretched state on the frame for six days. Sample No. 7 was subjected to repeated cyclic extension to failure. 

The experimental data show that there is no significant difference between the heats of solution of the original 
and the fatigued samples. There are two possible explanations of this experimental fact, The first is, that two 
‘opposing factors are mutually compensated. On the one hand, extension of the fiber decreases the flexibility of 
the polymer chains and therefore loosens the polymer structure [4], so that intermolecular forces are weakened and 
the heat of solution increases. On the other hand, extension may cause the chains to assume certain configura- 
tions which are advantageous from the energy aspect, which would lead to local increases of the structural density, 
increases of intermolecular forces, and therefore a decrease of the heat of solution. If the influence of the two 
factors balances out, the heat effect may remain unchanged. However, the probability of such compensation is 
very low. 


However, there is another possible explanation. If the applied mechanical force causes tension in the 
molecular chains which is considerably less than the intermolecular forces, the molecular structure of the fiber 
may not undergo any changes, so that the heat of solution remains unaltered. In this case mechanical treatment, 
in contrast to heat treatment, has no effect on the microstructure of the capron cord. Fiber breakdown as the result 
of fatigue, on the other hand, probably occurs as the result of the presence of macroscopic defects, i.e., defects 
considerably larger than the elements of the molecular structure. 


It is interesting to note that the heat of solution of the "milled" sample is considerably higher (by 24. 5%) 
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than that of the original sample. This leads to the conclusion that milling results in a considerable decrease of 
polymer crystallinity. This is confirmed by the x-ray pattern of the milled cord, in which the interference rings 
are clearly seen to be diffuse. Hence the increase of the heat of solution of the "milled" sample, caused by de- 
crease in the crystallinity of the capron fiber, is fully consistent with our views concerning the influence of the 
phase state of polycaprolactam on the heat of solution. 


SUMMARY 
1. The heats of solution of capron cord fibers subjected to different treatments have been determined. 


2. Heat treatment of capron fibers increases their crystallinity; this effect is especially pronounced after 
heat treatment in water, because of its plasticizing action. 


3. Stretch treatment does not affect the changes of fiber crystallinity caused by heating, but it weakens 
the plasticizing action of water. 


4. Purely mechanical treatment does not alter the heat of solution of capron cord, and therefore does not 
alter its crystallinity. 


5. Fatigue failure of cord fibers is probably due to the presence of macroscopic defects which develop in 
the course of fatigue. 


The authors are deeply grateful to N. V. Mihailov and E. Z, Fainberg for the opportunity of carrying out 
these experiments, 
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INFLUENCE OF THE DISPERSE PHASE ON THE RESULTS OF HYDROGEN-ION 
ACTIVITY DETERMINATIONS IN SALT SOLUTIONS 


R. V. Voitsekhovskii and A. M. Vovnenko 


In determinations of the activities of hydrogen and other ions the results obtained differ in the series: ultra- 
filtrate, sol, residue from ultrafiltration; or: centrifugate (filtrate), suspension, precipitate [1-3]. The pH dif- 
ference between the dispersion medium and the suspension may sometimes reach several units (Table 1). 


TABLE*1 


Values of Suspension and Dispersion Medium pH 
(based on Wiegner and Pallmann's data [1}) 


PHof Suspension 
ispersion|effect 


edium PH)—pH 


Disperse phases of PH of 
aqueous suspensions suspen= 


Peete Fe, ONS cE DE ty Dee REY 4,27 4,63 +0,36 
PIP CIE cscs eterno oe Wigrae Tin we ars Mes 4,47 5,64 +417 
Palmitic acid». - +--+ e+e eee eaee 4,50 5,41 +0,61 
Sulfur (Raffo)-.-- sees erence 84,30 5,48 +1,18 
Acid blood char +--+ +++ eeeeeeee 4,12 6,30 42,18 
Ca(HPOg)g te tee ee eee 6,24 6,52 +0,34 
Aluminum hydroxide, positively 
charged. ++ +s sere eee ee ee enes Badd 5,82 -0,74 
R=perinutites «+ lenses wets + oie zee 8,65 7,94 —0,71 
CagPOge te tee 8,62 7,14 «e088 
Ferric hydroxide, negatively 
charged? ++ sete rere tree 8,57 8,33 —0,24 
Aiuminum hydroxide, negatively 
ee ee ener ear a 8,88 8,35 —0,53 
Ca~soil ray helt, cube iwt wiser Uelpis Ceeqiuul (ep neniierste aval <6. 76 7,08 7,34 —0,24 


This phenomenon, which is described in the literature as the Wiegner or the Pallmann suspension sol ef- 
fect, has been studied little as yet. The view has been put forward that it can be explained in terms of the 
Donnan theory of membrane equilibrium [2]. 


If this theory is applied to the distribution of ions between the precipitate and the clear liquid (filtrate or 
ultrafiltrate) ; 


ki kydy; (1) 
ha = hy; (2) 
then the result, and the electroneutrality principle 
ee’ +k+h=a-+oh; (3) 
ay + oh, = ky +- No, (4) 
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can be used to derive an equation for the dependence of the suspension effect on the concentration of the suspen— 


sion, and the magnitude am sign of the charge on its particles: 


a-+oh sy: (5) 


where h, oh, a, and k are the respective concentrations of the hydrogen ions, hydroxyl ions, anions, and cations 
in the suspension or the precipitate; hg, Oh, a9, kg are the corresponding concentrations in the dispersion medium; 
E, &' are the concentration of the electronegative and electropositive particles respectively in the suspension; 
eis the average electric charge on the particles. If we neglect the values of oh and ohg, which are small in 
absolute magnitude as compared with a and a) in a medium of pH <7, we obtain the following, after trans- 


formation: 


+1). : 


h—h,= (4 — 
The dependence of the suspension effect on the concentration and charge of the electronegative particles is de- 
rived analogously 


. h—~h=—(1- VW e+ 1)h t)h (7) 


Equation (7) shows that the positive suspension effect h-hy (increase of hydrogen-ion activity under the 
influence of the electronegative particles in the suspension) increases with the concentration of the suspension 
(—) and with the particle charge (e), and decreases with increases of the electrolyte concentration (a) and of pH 
of the dispersion medium. 


In some instances experimental data have shown that this relationship is qualitatively valid. For example, 
Gatovskaia and Vasil'ev [3] showed with the aid of a glass electrode that after dialysis of tungsten trioxide, 
titanium dioxide, and vanadium pentoxide sols the hydrogen ion activity increases in the series; ultrafiltrate, sol, 
residue from ultrafiltration. 


© 

In experiments with thoroughly-dialyzed iron sol the hydrogen-ion activity decreases in the same series, 

whereas the activity of chloride ions, which are the counter ions in this instance, increases [4]. The magnitude 
of the suspension effect increases with the concentration of the suspension [1]. 


However, facts which contradict Equations (6) and (7) are also known. For example, Table 1 shows that 
the negatively charged hydroxides of iron and aluminum decrease hydrogen-ion activity (pH > pHo), whereas 
positively charged aluminum hydroxide has the opposite effect (pH < pHo). For elucidation of the causes of these 
contradictions, and for a more detailed study of the effect, we investigated the dependence of the suspension 
effect on pH, electrolyte concentration in the dispersion medium, nature of the disperse phase, and others factors. 


The present communication contains the results of determinations of hydrogen-ion concentration, performed 
with the aid of the quinhydrone electrode. The following experimental procedure was used. A definite hydrogen- 
ion concentration was established in the suspension, containing 14% of the disperse phase, by means of HCl and 
NaOH solutions. The suspension was first acidified to pH~0.5; alkali was then added stépwise, the suspension 
effect was determined, and variations of this effect with the pH of the dispersion medium were studied in the 
same suspension sample. 


The effect of the suspension concentration on the suspension effect was studied by a similar procedure. In 
this case calculated amounts of dry salt were added successively to the suspension sample. The pH determinations 
were performed in a calibrated centrifuge tube 8-10 ml in capacity. The sample with quinhydrone was centrifuged 
from 3 to 5 minutes, according to the stability of the suspension. The pH determinations were performed with 
the platinum electrode in two different positions. In one instance the platinum electrode was located above the 
precipitate, and in the other, it was immersed in the precipitate to a depth of 5 mm from the boundary (Fig. 1). 


The results of e.m.f. determinations for the cell; calomel electrode —quinhydrone electrode were used for 
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calculation of the change in potential of the quinhydrone electrode, in millivolts, when its position was altered: 


where Ep is the potential of the quinhydrone electrode in the 
dispersion medium (position a), and E is its potential in the 
precipitate (position b, Fig. 1). 


The experiments showed that the magnitude and sign 
of the suspension effect vary with the nature of the disperse 
phase, the pH of the dispersion medium, and the electrolyte 
concentration in the latter (Table 2). 


In the case of ferric oxide and sulfur the suspension 
effect changes with increase of pH from positive to negative 
values, while in the case of alumina, silica, and silicon the 
the reverse is true. 


It was found that conditions may be established, de- 
pendent on the nature of the disperse phase and the pH of the 
dispersion medium, in which the suspended disperse phase has 
very little or no influence on the potential of the quinhydrone 
electrode. This suggests that under such conditions hydrogen- 
ion activities of suspensions may be determined without se- 
paration of the suspended particles. In other cases the dis- 
perse phase has a considerable influence on the potential of 
the quinhydrone electrode in certain pH ranges. This is true 
for the system Fe,0,—H,O in the pH ranges from 0.7 and 2.1, and 7.7 to 8.6; for the system Al,O,—H,O in the pH 
ranges from 4.25 to 6.8 and 8.25 to 9.4; and for the system SiOg- 4.5 M NaCl solution in the pH range from 5.45 
to 9.1 (Table 2). 


Fig. 1. Determination of suspension 
pH by means of the quinhydrone 
electrode: 

1) quinhydrone electrode; 2) poten- 
tiometer; 3) calomel electrode. 


Under these conditions the suspension effect must be taken into account in determinations of suspension pH. 


Comparison of the suspension effects for the same disperse phase but with different dispersion media shows 
that the variations of the suspension effect with pH for water and for 4.5 M NaCl solution are qualitatively similar. 
A considerable suspension effect is also observed in concentrated electrolyte solutions. For estimation of the re- 
producibility of the results, three series of determinations of the suspension effect were performed with the systems: 
Al1,0O,—H,O and Al,0O,— 4.5 M NaCl solution. The suspensions were prepared separately for each series of deter- 
minations. Fig. 2, a and b, shows that there is some scattering of the experimental points, both for the aqueous 
suspension and for the suspension in concentrated NaCl solution. Results of experiments on the influence of elec- 
trolyte concentration showed that with increase of the sodium chloride concentration in the dispersion medium an 
appreciable decrease of the suspension effect is observed only in some isolated instances; namely, for FeO, sus~- 
pensions at pH 2.0, and for Al,O, suspensions at pH 4.2, while for the other suspensions the pH values do not con- 
form to this relationship (Table 3). 


As has already been stated, the suspension effect depends strongly on the nature of the disperse phase; as 
regards the nature of the electrolyte used in concentrated solution as the dispersion medium, the relationship re- 
mains qualitatively unchanged. Replacement of an electrolyte with a univalent cation by one with a bivalent 
cation (3.5 M MgCl, solution) (Table 4) had a somewhat greater effect. 


The theory of the membrane equilibrium leads to a definite relationship between the charge of the disperse 
phase and the sign of the suspension effect. This relationship was not confirmed by our experiments. In the case 
of iron and aluminum oxides the sign of the charge changes at pH ~ 8.0 [5], whereas the sign of the suspension 
effect changes in the pH range between 3.1 and 4.5. It is known that the membrane~equilibrium theory is based 
on the assumption of thermodynamic equilibrium of the components in the system in question. To test how far 
this assumption may be extended to the systems under investigation, we carried out experiments to determine 
how the sequence in which the pH becomes established influences the suspension effect. The suspension effect was 
determined for different sequences of pH variation: from the acid to the alkaline region, from the alkaline to the 
acid region, and from a neutral to an acid medium. 
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TABLE 3 


Variation of the Suspension Effect with Electrolyte Concentration in the Dispersion 
Medium 


tp tar i ah ee 


Composition of suspension} Suspension effect AE in mv, and electrolyte concentra- 


disperse phase-dispersion | tion k in moles/ liter 
medium 
ee er ep ee re i at EM a cetia a Se 
Pept ter ted 3% Ab | 4464<0,0 |» — | 4010 74,0 txe:0 eo 
20s (pH 2,0) BO. te Oye) | 40a) BOs ke8c0 feacorl nas 
Head meetin 4.8) AE |—16,9|—37,5| — |—29,0\—23,4|—23,5|—16,0l—16,0 
20a (p Rone Ot =! |. to O a |) Oe 
Ap 3.0 130 | 0 124 Ontest ord 4 123 One 
Al,03 — NaCl (pH 3,8) me OPO E06 | 1.0} 26 3'0 40 re 
suon—vecs on say | 418°) 40/000] $2 -tel se 1z0] 
eo ’ ’ y ’ ’ 33 
aya AE |~2,5 |~2,5 |~2,0 |~2,0-|—2:0 |-2,0 |~-2,0 |-2,0 
SiO, — NaCl (pH 2,4) bi HicOnaioOed 1 0/51. 4 Oc eoe Dal aoa Chea s 
FlowersNaCl (pH 0,7) EVO IO beet 4,ohetd 0 leap, 5 
Pia ie Rome |OMije0.S | 170-1 bO,0 es Oe on es 


Suspension effect, mv 


Fig. 2. Variation of the suspension effect Fig. 3. Variation of the suspension effect 
with the pH of the dispersion medium for with the pH of the dispersion medium for 
the systems: AlgO,—H,O (a) and Al,O;- systems; Al,O,—H,O (a) and Al,O,—4.5 M — 
4.5 M NaCl solution (b). NaCl solution (b), with different sequences 


of acidity variation. 


If an Al,Og suspension is first acidified, and alkali is then gradually added, then the suspension effect is 
negative in the region of low pH, whereas it is positive in the pH range from 3.3 to 7.3 for the system Al,Og— 
—-H,O and from 4.0 to 9.3 for the system Al,O,— 4.5 M NaCl solution. 


In a weakly alkaline medium the suspension effect becomes negative again (Fig. 3, Curve 1). 


When the pH is changed in the reverse direction, from the alkaline to the acid region, the curve represent- 
ing the relationship between the suspension effect and pH follows a different course, without a region of positive 
values (Fig. 3, Curve 2), An interesting feature is the existence or large negative suspension effects, with maxima 
at pH 4.8 for the system Al,O3—H,0, and at pH 6.6 for the system Al,03—4.5 M NaCl solution. The points on the 
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Suspension effect AE in mv, and pH of dispersion medium 


hase -dispersion 


position of suspension: 
P 


Variations of the Suspension Effect with pH and Composition of the Dispersion Medium 
erse 


Al,03 — LiCl (4,5 M) 
Al,03 — NaCl (4 : °_M) 


TABLE 4 
Com 
medium 

Al,O3 — HO 


disp 
Al,O3 _— MgCl, (3,5 M) 


Al,Oz —— Na,SOg (i M) 


different curves coincide in the acid and the weakly alkaline 
regions, The curve for the suspension effect as a function of 
pH, determined in experiments with suspensions the pH of 
which was changed from the neutral point to the acid range 
(Fig. 3, Curve 3), occupies an intermediate position between 
Curves 1 and 2, These experiments demonstrate the irreversi- 
bility of the suspension effect; this is evidently due to the 
nonequilibrium state of the system. 


Observations over periods of time showed that the posi- 
tive or negative suspension effects, dependent on the order of 
acidification, persist for an indefinite time in the region close 
to neutrality. This indicates that the electric charges acquired 
by the suspension particles have a high potential barrier. The 
fact that the points on the curves coincide in the. acid region 
suggests that the potential barrier is surmounted more easily 
by mobile hydrogen ions. 


All the foregoing considerations show that the definite 
relationship between the suspension effect and the charge of 
the disperse phase which follows from the theory of membrane 
equilibrium is inadequate for even a qualitative description 
of all the variations of the magnitude and sign of the suspen- 
sion effect. Apart from the nonuniform distribution of the 
ions between the precipitate and the clear liquid, the suspen- 
sion effect is evidently strongly influenced by certain other 
factors. It is probably necessary to take into consideration 
the nature of the ions constituting the electrical double layer, 
their mobilities, and the associated value of the adsorption 
potential, which varies with the degree of saturation of the 
adsorbent in question. 


It is known that under certain conditions the disperse 
phase firmly retains a previously-acquired charge during 
various changes in the cornposition of the dispersion medium 


[6]. 


In the light of these views the following qualitative 
description may be offered for the observed variations of the 
suspension effects of aluminum and iron oxides with changes 
of pH. According to published data, Al,Og, and Fe,Og are 
positively charged in acid media. According to Equation (6), 
they should exhibit a negative suspension effect in that 
region. In reality this is true for Al,O, only; the suspension 
effect is positive in the pH region from 0,7 to 0.8 for the 
system Fe,O;-H,0 and from 1.2 to 3.8 for the system Fe,O,— 
4.5 M NaCl solution ( Table 2). 


The deviation of the suspension effect of ferric oxide 
from Equation (6) must evidently be attributed to the nature 
of the ions in the inner electrical layer. 


In the case of ferric oxide these are the very mobile 
positively charged hydrogen ions ['7], whereas the positive 
charge of aluminum oxide is due to Al(OH), , firmly bound 
to the particles [8]. In the former case the hydrogen ions of 
the inner layer of ferric oxide have a direct influence on the 
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adsorbent in an acid medium. A Pdinmenically. opposite situation arises at higher pH values. With a considerable 
decrease of the hydrogen-ion concentration their content in the inner electrical layer of ferric oxide decreases 
correspondingly. The surface vf the ferric oxide retains hydrogen ions at the most active points of higher ad- 
sorption potential. Positively charged ferric oxide influences the potential of the quinhydrone electrode in ac- 
cordance with the membrane-equilibrium mechanism in the pH range from 4.3 to 8.6 for the system FesO,—H,O 
and from 2.8 to 8.6 for the system Fe,O,3— 4.5 M NaCl solution (Table 2 ). 


The positive electric charge acquired by aluminum oxide in the region of low pH is retained, but it evi- 
dently becomes excessive in regions of higher pH 3.63 for the system Al,O,—H,O and ~4.3 for the system Al,Og- 
—4.5 M NaCl solution (Table 2); in consequence under these mew conditions the aluminum oxide particles be- 
come capable of accepting electrons when in contact with the electrode, and hence of raising the potential of 
the quinhydrone electrode. This is manifested as a considerable positive suspension effect. When aluminum 
oxide is brought into an alkaline medium, of pH~8.25 for the system Al,O;—H,O and ~9.1 for the system Al,O;- 
— 4.5 M NaCl solution,the suspension effect of aluminum oxide becomes positive again (Table 2), Although the 
positive charge of aluminum oxide is replaced by a negative charge in an alkaline medium, according to the 
theory of membrane equilibrium the suspension effect should be positive. This change is probably due to the 
predominant effect of the highly mobile negative hydroxyl ions, adsorbed by the aluminum oxide in the alkaline 
medium, which have a direct influence on the potential of the quinhydrone electrode. 


The return of an aluminum oxide suspension from high to low pH by progressive acidification is accom- 
panied by a negative suspension effect along the entire curve. This effect may be attributed to hysteresis of the 
electric charge of the particles in the aluminum oxide suspension during acidification. The negative charge 
acquired by Al,O, at high pH is retained on acidification, but in consequence of the discrepancy which arises 
between the particle charge and the medium the particles in the suspension become capable of giving up elec- 
trons at the instant when the electrode is immersed. 


Therefore the explanation of the contradictions found in relation to the suspension effect in the literature 
is that the authors concerned did not make due allowance for the influence of the medium, the nature of the 
ions, and hysteresis effects in the particle charges. 


Determinations of the suspension effect can undoubtedly be used in studies of the structure of the electrical 
double layer in disperse systems. 


SUMMARY 


1. The magnitude and sign of the suspension effect depend on the nature of the disperse phase, the pH, 
and the concentrations of the suspension and the electrolyte in the dispersion medium. 


2. The suspension effect is also associated with hysteresis phenomena in the charge of the disperse-phase 
particles, and it is therefore influenced by the methodused for preparation of the suspensions. 
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THE SECONDARY (DIFFUSIONAL) ELECTRICAL DOUBLE LAYER 


S. S. Dukhin and B. V. Deriagin 


A secondary electrical double layer arises at a mobile interface; in view of the great practical importance 
of flotation, we shall consider the surface of a moving bubble as an example of such an interface. 


Let r* and r- represent the adsorption of positive and negative ions respectively in the 
surface layer, and let v; be the velocity distribution along the surface. Movement of the sirtets is accompanied 
by convective transfer of positive and negative ions, the convective-flow densities of which, r v, and rv, 
respectively, vary along the surface. The difference between the ions entering and leaving the double layer at 
each region of the surface, consequent upon the convective flow of the ions, must be balanced by the correspond- 
ing component of the volume flow of the ions, which serves in this instance as the source or receiver of ions in 
convective flow 


div, /'*y, = ee div dl’ 0; = Jn» (1) 


+ 
The normal components of the ion streams jp and jp are determined by diffusion of the ions and their 
migration in an electric field; hence, writing in full the right-hand sides of Equations (1), we have 


div, (ty, = in. = = De + = Dtztc'Ey) . (2) 
div, f° %, = Jn = (— pe — se DveEyr)., ’ (3) 


where E 1 is the field insensity; F is the Faraday number; T is the absolute temperature; R is the gas constant; 

© and c7 , D andD*,z* and z respectively are the concentrations, diffusion coefficients, and electrovalences 
of the positive and negative ions in a binary electrolyte; a is the bubble radius. With a high content of ions, the 
charges of the positive and negative ions should largely balance out*, so that we may disregard the relatively 
negligible concentration of electrically-uncompensated ions, and write the conditions for electroneutrality of the 


solution and the surface 
Zet—ze =0, art —zr-=0, (4) 
and we can then introduce the volume molar concentration c and the surface molar concentration [ 
C meee Caf 2) Od eae parece 2°, 


With the aid of Conditions (4) it is easy to find the boundary conditions for c(r,@) from Equations (2) and (3), and 
to determine the intensity of the electric field at the surface. 


* If the reverse is assumed, then at high ionic concentrations there would be enormous electric fields, which 
would eliminate themselves spontaneously owing to the conductivity of the electrolyte. 
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To determine the electric field" within the volume of the electrolyte we must use the continuity equa- 
tions for the volume, which become considerably simplified in electroneutrality, and become [1): 


DejAc = v grade, (5) 
(ett + 2D”) ci + (Dt — D”) grade = Fea» (6) 


where Doge is the effective diffusion coefficient [1]; T(r, @ ) is the electric current density. It can be shown that 
under the conditions of complete electroneutrality of the surface and absence of current at infinity i (tr, 0) is 
everywhere zero, and it follows that the electric field is determined by the molar-concentration distribution 


REDS oe De (7) 


E(r, 4) = he oe grad Inc. 
The order of magnitude of the Peclet group Pe = avy/Deff for freely ascending bubbles 1-2 mm in dia- 
meter is 10°-10°%, and therefore a thin diffusional boundary layer of thickness § ~ a/Pet w 107°a, is formed at 
the bubble surface. The concentration gradient and electric field are localized within the diffusional. boundary 
layer . When the electric field has been found, it is possible to determine the density distribution of the uncom- 
pensated electric charges within the volume of the solution, py = (z ¢ 52 0 OF , and at the bubble surface 
o,=(@ [ —z TI). Fog is determined from the boundary condition for E undergoing rupture at the boundary of 


two dielectrics, (esEy —e,E2y) = 410g, where €p is the dielectric constant of air and E, is the electric field 


intensity in air. The Poisson equation div E; =“t (nc ee 18 can also be used to find Py; from the mean 
value of this for the thickness of the layer in which the volume charges are distributed we can find the total 
volume charge Oy per unit bubble surface. Calculation shows that any region of the bubble surface and the ad- 
jacent solution volume are electrically neutral as a whole: 9g+ Oy = 0. It is therefore convenient to introduce 
the concept of an electrically neutral double layer; one layer of this is the bubble surface, and the other, a re- 
gion of the solution adjacent to this surface, several § thick. In distinction from the ordinary diffuse double 
layer, formed at a stationary interface owing to differences in the adsorptional properties of the ions, this double 
layer is formed only during the motion of an interface, owing to differences between the diffusion coefficients of 
the ions, and it may be termed the diffusional double layer. Just as in the usual double layer the outer layer is 
diffuse because of the thermal motion of the ions, in the double layer under consideration the charge density in 
the outer layer gradually diminishes in a direction away from the surface as the result of diffusion, and it may be 
conveniently termed the diffusional layer.Similarly to an equilibrium double layer, the two layers of the dif- 
fusional double layer constitute a single system of charges in the sense that any change of charge distribution in 
one of the layers must inevitably be accompanied by a change of charge distribution in the other. The diffu- 
sional double layer may be regarded as being formed in the motion of an ordinary double layer, and it can there- 
fore be described as secondary. 


SUMMARY 


1. If the interface between two media, at least one of which is an electrolyte, is mobile, then in conse- 
quence of the difference between the diffusion coefficients of the ions there arises, in addition to the usual (dif- 
fuse) electrical double layer formed as the result of interaction of diffusion and ionic migration in the electric 
field, a secondary (diffusional) electrical double layer, formed as the result of interaction of processes of con- 
vective diffusion and ionic migration in the electric field. 


2, The charge of the inner layer of the secondary double layer is determined by deviations from the elec- 
trical neutrality of the ordinary double layer; the charge of the outer layer, equal to it in magnitude but opposite 
in sign, is located in the in the electrolyte layer adjacent to the interface; the thickness of this layer is of the 
same order of magnitude as the thickness of the diffusional boundary layer. 


* If the absence of an electric field is postulated, i.e,if it is assumed that E, = 0, Equations (2) and (3) become 
incompatible with the electroneutrality Conditions (4). This means that the electric field arises owing to the ne- 
cessity to maintain apparoximate electroneutrality of the solution;it is directed so as to hinder the motion of rapid - 
ly-diffusing ions and to accelerate slowly ~diffusing ions, so that the flows of positive and negative charges on the 
bubble surface become equalized, ensuring its electroneutrality. 
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FACTORS DETERMINING THE STRUCTUROMECHANICAL PROPERTIES 
OF VISCOSE SOLUTIONS 


N. N. Zav'tialova and N. V. Mikhailov 


Work on improvement of methods of viscose production and fiber properties is being carried on in several 
directions: by increase of the cellulose concentration in the viscose solution [1], by increase of the degree of 
polymerization of cellulose in the fiber [2], and by searches for new extrusion conditions [3]. It should be noted 
that most work in this field relates to viscose solutions of high viscosities, 800-1000 poises and over. The produc- 
tion of fibers from such solutions is difficult because of the hight viscosities. 


With the aim of reducing the viscosity of spinning viscoses, we had performed investigations of the influence 
of the following factors on the viscosity of viscose solutions; NaOH/cellulose ratio [4], degree of xanthation [5], 
temperature [5], and various additives. Increase of the NaOH/ cellulose ratio from 0.5 to 1 lowers the viscosity 
2.5-to 3-fold. Increase of temperature from 20 to 50° lowers the viscosity 2.5-fold. With increase of the degree 
of xanthation (y cs,) from 35 to 65, the viscosity of the xanthate falls more than 1.5-fold. 


The present paper, which represents a continuation of the earlier work, contains the results of studies of the 
structuromechanical properties of viscose solutions of different q-cellulose concentrations, NaOH/ cellulose ratios, 
and ripeness, which may be of interest for production purposes. 


The aim of the work was to find means of producing fibers with improved properties from such solutions. 


For this purpose a study was made of the structuromechanical properties of viscoses of different ripeness, 
with cellulose concentrations of 10 and 12%, and with NaOH /cellulose ratios of 1.06 and 0.55 in the first case, 
and 0.53 and 0.86 in the second. 


The structure of the viscose solutions was studied with the aid of a coaxial rotational elastoviscosimeter of 
the Shvedov type, as used by Rebinder et al. [6]. In such determinations the course of deformation in time, under 
constant torque applied by means of a twisted thread, is usually investigated [6, 7]. 


These determinations yielded curves for the relative shear deformation as a function of time for all the 
above-named solutions, at different shear stresses, 


The relative shear deformation ¢ = 2R*uj/(R*1”), where R and r are the radii of the inner and outer cylin- 
ders, and w is the angular deformation in radians. 


Some of these curves for 10 and 12% viscose solutions of different ripeness are given in Fig. 1. The other 
curves are not shown, as they are similar in character. In nearly every instance the deformation was a linear func 
tion of time at the shear stresses used, i.e., the deformation developed at a constant rate throughout each experi- 
ment. Only in rare instances, in prolonged experiments, were there slight deviations from linearity. However, 
during such long periods (2 hours and over) the ripeness and therefore the structure of the viscose changes; there- 
fore all the deformation curves are plotted for relatively short periods (up to 20 minutes). 


Curves similar to these were obtained by Ivanova~Chumakova and Rebinder [7] for polyisobutylene solutions 
below 40% concentration, and by I. A. Dumanskii, A. V. Dumanskii, and L. V. Khailenko [8] for viscose solutions 
of the usual cellulose concentrations. However, these workers also obtained curves of a different type for solutions 
of polyisobutylene above 40% concentration and for ripe viscose solutions after 300 hours of ripening (close to coag- 
ulation); these curves were characterized by an initial sharp increase of deformation (nominal instantaneous 


667 


elastic deformation) followed by a gradual increase of deformation until a constant rate was established, These 
results suggest that the solutions under investigation, characterized by curves of the first type, do not have elastic 


properties. 
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Fig. 1. Development of relative shear deformation: 
10% solutions of q-cellulose: 1-3) ripeness 18 cc, P = 3.9,2.8, 


and 1.3 dynes /cm*respectively; 4-6)ripeness 14.65 cc, 


P= 4.3, 2.0, and 1.5 dynes/cm? respectively; 7,8) ripeness 
7.5 cc, P = 3,8 and 1.35 dynes/cm’. 

12% solutions of a-cellulose: 9-11) ripeness 13.95 cc, P = 8,0, 
4.6, and 1.5; 12-14) ripeness 7.5 cc, P = 8.0, 4.0, and 2.0; 
15-17) ripeness 5.0 cc, P = 8.2, 4.0, and 2.1. 


However, Ivanova-Chumakova and Rebinder [7] showed that if the experimental conditions are changed 
and larger torques (higher velocity gradients) are used, these properties can also be detected in relatively dilute 
polyisobutylene solutions. With the usual experimental procedure the use of large torques is difficult owing to 
the impossibility of observing the course of deformation. Further, they showed that at relatively small shear 
stresses the magnitude of the elastic deformation is very small (a few tenths of one percent). Therefore in our 
experiments these small elastic deformations could not be determined quantitatively. 


10 


de/dt- 103 sec7? 


dynes 
/c a2 


Fig. 2. Variation of dé/dr with 
the shear stress P: 1-6) q-cellu- 
lose concentration 10 %; 7-12) 12% 
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Thus, our curves evidently do not prove the absence of elasticity 
in the viscose solutions studied, but merely indicate that the method is 
not sensitive endugh in the experimental conditions used. Indeed, Fig. 

1 shows that an initial intercept along the ordinate axis, corresponding 
to elastic deformation, is also present in our curves, but it is very small. 
We were therefore unable to characterize the structure of the viscose 
solutions in terms of the elasticity moduli. An attempt was therefore 
made to characterize the structuromechanical properties of the solutions 
in terms of the flow rate and the corresponding viscosity, given by the 
ratio P/(de/dr) calculated from the curves for de/r as a function 

of shear stress, which were in turn derived from the experimental de- 
formation-time curves (see curves in Fig. 1). The corresponding de /dr= 
f(P) curves ’are presented in Fig. 2. 


It must be noted that the curves for de/dr asa function of 
the shear stress P for 10 and 12 % viscose solutions deviate from linear- 
ity at high shear stresses. However, this deviation is of the reverse sign 
in some instances. A positive deviation is to be expected owing to the 
commencing structural breakdown, whereas a deviation of negative sign 
is unexpected, and cannot be explained, as the data are inadequate. 
Therefore only the linear portions of the curves are given in this case. 


The curves for the rate of change of the relative shear deformation as a function of the acting stress for stresses 
below those used in our experiments are assumed to pass through the origin (dash lines), 


The effective viscosity was calculated from these ini- 
tial regions as _n'= PA(de/dy). This calculation method is 
arbitrary because our method did not allow of measurements 
in the region of very small loads (because of the large expe~ 
rimental error in the visual readings), but the general course 
of the curves does not give any reason to expect any signifi- 
cant changes of the effective viscosity n' in this region. The 
effects of viscose ripeness on the effective viscosity are given 
in the Table and Fig. 3. 


The curves in Fig. 2 are in sequence of the ripeness 
and effective viscosity of thle viscose solutions; i.e., the 
greater the age of the viscose solutions (the lower the ripeness 


U) 
Ripeness of NH,Cl 


Fig. 3. Effect of viscose age on the effective figure) the higher is the effective viscosity (see Table) and 
viscosity n= P/(de/dr) therefore the higher is the mechanical strength of the solu- 
1) qa-cellulose concentration 12%; 2) 10% tion structure. 


It follows from the Table and Fig. 3 that the calculated 
effective viscosity (n')of the viscose solutions is in good agreement with their ripeness, whereas the ball-fall 
viscosity of viscoses with different NaOH /cellulose ratios does not always vary consistently with the ripeness 
figure. Therefore the calculated effective viscosity is a more precise characteristic of the structure of viscose 
solutions than the ball-fall viscosity. 


Increased ripeness of a viscose solutions is directly related to changes in the chemical composition of the 
cellulose xanthate, leading to formation of new intermolecular bonds. The density of the structural network in 
solution should increase in the process. 


Effect of the Ripeness of Viscose Solutions on Their Structure 


Curve | Cettutose NaOH/ | Ball-fall aig 
Noah | concentra- | C&llulose _jviscosity, Ripeness, 


ratio ioe ce: NH, CI |) Bitdede) sai 


Fig. 2 tion, % 


1 10 1,06 144 18 200 
2 10 1,06 140 14,6 218 
3 10 1,06 150 12,6 276 
4 10 1,06 = 957 350 
by) 10 0,99 275 7,9 455 
6 10 0,55 583 3,2 1110 
; 12 0,86 387 13,9 413 
8 12 0,86 480 9,2 675 
9 12 0,53 680 7,0 935 
10 12 0,86 615 6,2 1350 
11 12 0,53 808 5,0 1920 


Thus the value of 7' is a measure of the structural strength of the solution, which depends on the number of 
intermolecular bonds; also, as will be shown later, it probably depends on changes of their strength. In some in~ 
stances the ripeness of the viscose solutions has a greater influence than the ball-fall viscosity on the slope of the 
curves, For example, Curves 1, 2, and 3 in Fig. 2, corresponding to viscose solutions of almost the same ball-fall 
viscosity (144, 140, and 150 seconds) but of different ripeness, have slopes which depend on their ripeness. In the 
same way Curves 9 and 10 and 9 and 6, which represent viscose solutions of different and the same concentrations 
respectively, but of different viscosities, are found to be in order of ripeness, despite the fact that their viscosities 
are not consistent with the values of the modulus (in this instance viscose solutions of higher ball-fall viscosity 
have lower values of n'). These cases of discrepancy between the effects of ripeness and ball-fall viscosity on the 
structyromechanical properties of viscose solutions do not refute but rather emphasize the predominant role of ripe- 
ness in the structurization of viscose solutions. 
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Indeed, it is found for viscose solutions represented by Curves 9 and 10, and by Curves 9 and 6, that despite 
the higher content of NaOH in the former case, and the lower content of q~-cellulose in the latter, structurization 
of these solutions is more pronounced and is consistent with their ripeness. Yet both these factors, which favor 
the solubility of cellulose xanthate, should lead to decreased structurization of the solutions, Hence the influence 
of ripeness in some cases masks the influence of the NaOH/ cellulose ratio and of the -cellulose concentration 
on the structuromechanical properties of viscose solutions; this must evidently be attributed not only to increased 
density of the intermolecular-bond network, which also depends on the above-named factors, but also to the 
formation of stronger bonds, characteristic of gels formed from solutions of this type. 


This conclusion is of great practical importance, as the structural strength of spinning viscose should have 
a direct influence on the conditions of fiber formation. The higher the structural strength of the spinning solu- 
tion, the more difficult it is to obtain a well-oriented fiber in spinning. This leads to the conclusion that 
viscoses of low ripeness should be spun if fibers of high strength are required. 


The patent literature indicates that in foreign practice viscous viscoses (800-1000 poises) are in fact being 
spun at low ripeness (infinity by the NH,Cl test, or 5.0-7.0 or higher by the NaCl test). 


We are studying the influence of solution structure on thread formation and strengthening of viscose fibers 
in spinning, and the results will be reported in the next communication. 


SUMMARY 


1. The effective viscosity n', calculated from the ratio of the shear stress to the development rate of 
relative shear deformation, can be used as a measure of the structure of spinning viscoses, 


2. Viscose ripeness has a greater influence on the structure of viscose solutions than the NaOH/cellulose 
ratio or, in some instances, than the concentration or the ball-fall viscosity. 


3. It is postulated that not only the number but also the strength of the intermolecular bonds increases 
with increasing ripeness of viscose solutions. 


LITERATURE CITED 


{1} N. Drish, British Patent 709,700 (1954); E. Torke and W. Matthoes, Federal German Patent 904,893 
(1954); Australian Patent 175,660 (1953). 


[2] N. Drish, Textil-Praxis 8, No.8, 710 (1953); Text. Res. J. 28, No. 8, 512-521 (1958); Modern Text. 
Mag. 34, No. 7, 67-88 (1953). 


[3] German Patent 2323 (1953); R. Klein, Democratic German Patent 916,347 (1954); Swiss Patent 299,328 
(1954). 


[4] N. V. Mikhailov and N. N. Zav'ialova, J. Appl. Chem. 28, No. 1, 97 (1956). vd 


[5] N. V. Mikhailov and N. N. Zav'ialova, Sci. Res. Trans. All-Union Sci. Res, Inst. Synthetic Fibers No. 2, 
30 (1955). 


[6] A. S. Kolbanovskaia and P. A. Rebinder, Colloid J. 12, No. 3, 194 (1950). 


[7] L. V. Chumakova and P. A. Rebinder, Proc. Acad. Sci, USSR 81, 239 (1951); L. V. Ivanova-Chumakova 
and P. A, Rebinder, Colloid J. 18, No. 4, 429 (1956);*T. I. Samsonova and L. V. Ivanova-Chumakova, Colloid 
J. 19, No. 3, 848 (1957). * 


[8] I A. Dumanskii, A. V. Dumanskii, and L, V. Khailenko, Proc. Acad. Sci. USSR 92, No. 6, 1189 (1953). 
Scientific Research Institute Received July 18, 1957 
for Synthetic Fibers Mytishchi 


“Original Russian pagination. See C. B. Translation. 


670 


ee ee 


CERTAIN PROPERTIES OF CALCIUM OXALATE PRECIPITATES 
IN ELECTROLYTE*‘SOLUTIONS 
G. G. Kandilarov 


It is known that precipitates in which the particles are closely packed are relatively more difficult to pep- 
tize that precipitates of more or less loose structure [1]. One of the factors determining the structure of precipi- 
tates is the nature and concentration of the electrolytes present during the precipitation. The volume of the pre- 
cipitate gives an indication of the nature of the packing. A subject of theoretical and practical interest is study 
of the influence of various ions on the volume of the precipitates formed in polydisperse suspensions of calcium 
oxalate. Observations of this type were performed by us earlier on suspensions of Ca,(PO,), [2] and kaolin [3]. 
The results of these observations may prove useful in studies of the formation and dissolution of analogous precipi- 
tates in the human organism. Experiments were therefore carried out on suspensions of calcium oxalate in pre- 
sence of electrolytes differing in concentration and valence of their ions. The following types of electrolytes 
were used: 1) containing univalent, bivalent, and trivalent cations (sodium, calcium, and aluminum chlorides); 
2) containing univalent and bivalent anions (sodium chloride, sulfate, phosphate, and oxalate); 3) sodium hydro- 
xide and hydrochloric acid. 


EXPERIMENTAL 


Calcium oxalate was prepared by precipitation from calcium chloride (chemically pure, Main Administra- 
tion of Chemical Reagents) by addition of a saturated solution of pure oxalic acid* After filtration the precipitate 
was shaken mechanically with a large volume of distilled water. The suspension was left to settle, and the clear 
liquid was decanted off. The crystalline precipitate was washed repeated]y with a large amount of distilled water 
for several weeks to a completely negative reaction for chloride and calcium ions. The precipitate was dried at 
110° for 6 hours and then ground in a mortar. The grinding in the mortar was difficult, as the crystals were hard. 
The product was used for the experiment one year after preparation. The same method was used to prepare another 
sample of calcium oxalate, but this was dried at 140-150° and used immediately after preparation. 


Samples of this calcium oxalate, weighing 1.25 g or 1.0 g, were taken and mixed with 10 ml lots of elec- 
trolyte solutions. The precipitate was shaken with the solution in two stages: for 3 minutes in the first stage, 
and for 2 minutes in the second. The liquids were left to settle for 24 hours at 25. The experiments were per- 


formed in triplicate. 


It was found by electrophoresis that the calcium oxalate particles were almost neutral electrically. How~ 
ever, in presence of certain electrolytes (NaCl, CaClz, AlClg, NaSO, and others) they acquire a positive charge, 
and a certain degree of stability is conferred on them by uni-, bi-, and trivalent cations. 


Calcium oxalate-sodium chloride. The suspensions were prepared from 1 g of calcium oxalate shaken with 
10 ml of solution. The sedimentation volumes measured after 24 hours were calculated for 1.25 g weights of 
precipitate. Fig. 1 shows that as the sodium chloride concentration increases, the sedimentation volume first 
increases, reaches a maximum, and then tends to decrease. The volume of the precipitate, calculated for 1.25 g 


of calcium oxalate, varies between 5.30 and 5.98 cc. 


Calcium oxalate-calcium chloride. These suspensions were prepared from 1.25 g of calcium oxalate with 
10 ml of CaCl, solution. In most cases the precipitates formed after 24 hours of sedimentation had a smooth and 


* Oxalsaure krist. p. a. V. E. B. 
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even surface, so that the volume of the precipitate could be determined more precisely. Nearly all the suspen~ 
sions remained more or less turbid even after 24 hours of sedimentation; the maximum turbidity was found with 
a calcium chloride concentration of ~50 millimoles/liter. However, the turbidity was so slight that it could 
hardly affect the volume of the precipitate significantly. At high concentrations (1000 and 2000 millimoles /liter) 


the liquid above the precipitate was quite clear. 


It is seen from Fig. 1 that with increase of the CaCl, concentration to 100 millimoles/liter the volume 
of the calcium oxalate precipitate decreases sharply; it is reduced by almost one half (from 5.09 to 2.79 cc)over 
the range from 0.2 to 100 millimoles/ liter. The volume of the precipitate increases with increase of the CaCl, 
concentration above 100 millimoles/liter. Therefore the volume of the calcium oxalate precipitate in CaCl, 
solutions differs appreciably from that in NaCl solutions, both in absolute magnitude and in the nature of its 


variation. 


Calcium oxalate-aluminum chloride. Suspensions were prepared 
from 1 g samples of aged and 1.25 g samples of freshly precipitated 
calcium oxalate. With AlCl, concentrations of 1, 2, 10, and 20 milli- 
moles/liter the liquid over the precipitate was turbid even after 24 
hours of sedimentation, and contained a small amount of suspended 
particles. At concentrations of 100, 200, and 500 millimoles/ liter the 
solution was clear at the top and opalescent below. 


Fig. 1 shows that, as compared with suspensions in NaCl and 
CaCl, solutions, the volume of the calcium oxalate precipitate in 
AICl, is least (2.25~-3.03 cc) at AlCl, concentrations from 1 to 500 
millimoles/liter; this is a sign of closer packing of the particles in 
the precipitate. The volume of the calcium oxalate precipitate de- 
creases with increase of the AlCl, concentration, and reaches a min- 
imum at 500 millimoles of AlCl, per liter. The minimum lies further 
to the right than is the case for suspensions made in CaCl, solutions. * 
The volume of the calcium oxalate precipitate decreases with increas- 
ing valence of the cations (Na , Ca" , Al” ). The volume of the pre- 
cipitate decreases rather rapidly with increase of the CaCl, concentra- 
tion, and the curve descends more steeply than the curves for NaCl and 
AlCl;. This may be associated with the higher adsorption of calcium 
ions, as they are involved in the formation of the crystal lattice of the 
precipitate. Because of this the suspensions formed are relatively more 
stable. 


Volume of CaC,O, precipitate, cc 


2 


! 10 100 +1000 
Concentration 


Fig. 1. Variation of the volume 
of CaC,0, precipitate with the 
concentrations of NaCl, CaCl,, 
and AlCl, present during sedi- 
mentation. 


It may be assumed that the electric charge of the particles in the suspension increases with increasing 
concentrations of calcium and aluminum ions, so that the precipitate is more closely packed and the volume is 
therefore less. 


Calcium oxalate-sodium oxalate. These suspensions were prepared from 1.25 g of freshly prepared calcium 
oxalate and 10 ml of solution. After 24 hours of sedimentation the solution over the precipitate was absolutely 
clear at all the concentrations of sodium oxalate taken. It follows from Fig. 2 that in solutions of sodium oxalate 
the average volume-of the calcium oxalate precipitate is approximately the same (3.83-cc) as that found for 
CaCl, over the same concentration range of 0.2-200 millimoles/liter (3.76 cc). However, in presence of CaCl, 
the volume of the calcium oxalate precipitate decreases from 5.09 to 2.79 cc, or almost by one half, with in- 
crease of solution concentration, whereas in the case of sodium oxalate the volume chages little, with only a 
weak minimum at 20 millimoles/ liter. 


Calcium oxalate-sodium sulfate. The suspensions were prepared from 1.25 g of calcium oxalate in 10 ml 
of solution. With a few exceptions the precipitates formed after 24 hours had a relatively even and smooth 
surface. The solutions over the precipitates were completely clear. 


“In experiments with negatively charged kaolin suspensions under the same conditions, the minimum was 
shifted to the left under the influence of multibasic acids. 
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Volume of CaC,O, precipitate, cc 
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Fig. 2. Variation of the volume of CaC,O, pre- 
cipitate with the concentrations of NaCl, Na,SO,, 


Na,C,0,, Na,HPO, and CaCly,. 


Fig. 2 shows that with increase of the sodium 
sulfate concentration in the range of 0.2-200 millimoles/ 
liter the volume of the precipitate changes from 6.11 to 
5.18 cc. In this respect the influence of sodium sulfate 
solutions on the volume of the precipitate is very similar 
to the influence of sodium chloride; in the latter case 
the volume of the calcium oxalate precipitate changes 
from 5.66 to 5.54 cc in the concentration range from 1 
to 200 millimoles/liter. 


Calcium oxalate -disodium hydrogen phosphate. 
These suspensions were prepared from 1.25 g of freshly 
_ prepared calcium oxalate in 10 ml of solution. After 
24 hours of sedimentation the liquid above the precipi- 
tate was completely clear, while the precipitates had a 
relatively even and smooth surface. The surface was 
uneven only at high concentrations. 


It follows from Fig. 2 that the volume of the 
CaC,O,4 precipitates in Na,HPO, solutions is less than 
that found in suspensions formed from NaCl, Na,SO,, 
and Na,C,O, solutions; it varies from 3.60 to 2.82 cc 
in the concentration range from 0.5 to 200 millimoles/ 
liter. This shows that the packing of the particles in 
these precipitates is denser. With increase of the 
Na,HPO, concentration the volume of the CaC,O, pre- 
cipitates reaches a weak minimum at 20 millimoles/ 
liter; this corresponds to the minimum for suspensions 


containing NagC,O, This minimum is shifted to the left relative to the minimum for suspensions with CaCl, 
solutions; this may be associated with differences in the valence of the ions. 


Calcium oxalate-sodium hydroxide, The suspensions were prepared from 1.26 g of freshly prepared calcium 
oxalate, Fig. 3 shows that inthe range of NaOH concentrations from 2 to 1000 millimoles/liter the volume of the 
calcium oxalate precipitate decreases rapidly from 4.60 to 3.21 cc, and then increases again, possibly because 
of the increase in solution viscosity. Here the volume of the calcium oxalate precipitate corresponds to.a closer 
packing of the particles in the precipitate. 


Volumes of Precipitates Formed in Polydisperse 
Calcium Oxalate Suspensions in Electrolyte Sol- 
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2} — | 5,98 | 5,95 | 3,99 | 3,90 | 2,90 
200 | 6,07 | 5,54 | 5,18 | 3,86 | 2,79 | 2,36 
500 | 6,20 | 5,45 | 4,90 | — | 3,44 | 2,25 
4000 | 6,99 | 5,30 | — —* | 3,12 | 2,53 


Calcium oxalate-hydrochloric acid. The suspen- 
sions were prepared from aged calcium oxalate. The 
suspensions were centrifuged immediately after sedimen- 
tation, and the pH of the solutions was determined poten- 


tiometrically by means of quinhydrone and calomel elec~ 
trodes. 


Fig. 3 shows that the volume of the calcium oxalate 
precipitate exhibits very large fluctuations with increase 
of the hydrochloric acid concentration, with a maximum 
at 10 and a minimum at ~ 1000 millimoles/liter. The 
volume of the calcium oxalate precipitate reaches a 
higher value in hydrochloric acid (from 6.16 to 6.84 cc 
in the HC] concentration range from 0.2 to 10 milli- 
moles/liter) than in sodium hydroxide, where the average 
volume of the precipitate is 4.38 cc in the range of 
NaOH concentrations from 2 to 10 millimoles per liter. 
This value is one of the greatest volumes of the calcium 


oxalate precipitate found in our systems. Hence in an alkaline medium (NaOH) the calcium oxalate particles are 
closely packed, whereas hydrogen ions favor the formation of precipitates with a relatively loose structure. This 
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is confirmed by the almost symbatic variation of the volume of 
the calcium oxalate precipitate with the hydrogen-ion concentra - 
tion in the range from 0.2 to 10 millimoles / liter. 


For comparison, the Table contains some of our data on the 
volumes of the precipitates formed in polydisperse suspensions of 
calcium oxalate in electrolyte solutions. Comparison of the data 
in the Table with the curves in Figs. 1, 2, and 3 shows that in 
dilute solutions of NaCl, Na,SO,, and HCl the volumes of the 
calcium oxalate precipitates are almost double the volumes of 
the precipitates in suspensions formed on CaCl, and AICl, solu- 
tions. This shows that whereas calcium or aluminum ions favor 
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4 the formation of relatively close-packed precipitates, dilute solu- 
em tions of NaCl, NagSO,, and HCl favor the formation of bulky pre~ 
f° cipitates of a looser structure, 
It is known that close-packed precipitates are peptized layer 
J 19 = 100» 10900 10000 by layer, so that the breakdown of the precipitates is hindered 
Bonerern ion considerably. If a precipitate with a loose structure is formed, 
Fig. 3. Variation of the volume of the area of contact between the precipitate and the liquid phase 
' CaC,O, precipitate with the concen- is considerably greater, and the conditions therefore favor, to some 
trations of NaOH and HCl, and with extent, breakdown of the precipitate. ; 


PH of HCI solutions. Some of the ions discussed in this paper are present in human 


urine, and evidently the results can be used to some extent in 
studies of the formation of calcium oxalate precipitates in the human organism, and in work on methods for the 
prevention of this effect. 


In conclusion, we may compare the nature of the variations of the volume of calcium oxalate precipitates 
with the variations found earlier in the volumes of Ca,(PO,)3 [2] and kaolin [3] suspensions with changes in the 
concentrations of NaOH, AICl,, and HCl solutions. It is seen that with increase of electrolyte concentration the 
changes in the volumes of precipitates in calcium oxalate, Ca,(PO,)s, and kaolin suspensions proceed partially in 
opposite directions. This is probably associated with the opposite electric charges of the particles in these sus- 
pensions. 


SUMMARY 


The following results were obtained in experiments on suspensions of calcium oxalate in solutions of NaCl, 
CaCly, AlCls, NagC,O4, NaySO,4, NagHPO,, NaOH and HCI: 


1. The volume of the calcium oxalate precipitate decreases with increasing valence of the cations in 
solution. 


2. The volume of the calcium oxalate precipitate reaches highest values in: a) dilute solutions of the 
electrolytes studied; b) NaCl and Na,SO, solutions (in presence of the univalent sodium cation); c) an acid 
medium. 


3, Multivalent cations (ca and Als’), especially at high concentrations, favor close packing of the cal- 
cium oxalate precipitate. Dilute solutions of NaCl and Na,SO, (in absence of multivalent cations) favor the 
formation of bulky precipitates of a looser structure, which are probably broken down more easily. These observa- 
tions are of interest in relation to the formation of calcium oxalate precipitates in the human organism, and in 
development of methods for its prevention. 


4, In an alkaline medium (NaOH solutions) the volume of calcium oxalate precipitates is at a minimum in 
the NaOH concentration range from about 200 to 1000 millimoles/ liter, 


5. The particles in calcium ree suspensions in water are electrically almost neutral. However, uni-, 
bi-, and trivalent cations (Na , Ca” , and Al® ) confer positive charges and thereby definite stability on them. 


6. Concentration~precipitate volume curves for Ca,(PO,),, calcium oxalate, and kaolin in NaOH, Al1Clg, 
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STRUCTURE FORMATION IN COMPACTED SOILS 
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When soils are used as constructional materials, their natural structure which arises under natural conditions 
is destroyed during the excavation work; subsequently the soils undergo intensive compaction during construction 
of embankments. A state of the maximum compaction possible for the particular mechanical working conditions 
is reached at an optimum moisture content, specific for each given soil [1]. 


The mechanical strength of a freshly-compacted moist soil increases for some time after compaction, as 
the result of structurization processes in the soil; the kinetics and extent of these processes are determined for 
each given soil by the external conditions — the moisture content of the surroundings. 
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Fig, 1. Effect of residual moisture on plastic strength (a), and 
variations of the moisture content (b) and plastic strength (c) during 
drying of soils in air of different relative humidities (y, %): 

) Kar'kov loess; .———) Cheremuskhi clay. 
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Investigations of structure formation in artificially compacted soils, and elucidation of the influence of 
the conditions of structure formation on the mechanical properties of the soil and on their stability to external 
influences are both of theoretical interest for extension of our knowledge of structure formation in disperse sys~- 
tems, and of practical importance in relation to the influence of local, climatic, and seasonal conditions in the 
planning of various constructions. 


A soil compacted at the optimum moisture content is a disperse system of the maximum possible concen- 
tration, in which the dispersion medium is present to a considerable extent in the form of hydration layers. Sim- 
ple calculations show that when a soil is compacted to the maximum and all the spaces between the particles are 
filled with water ~20% of all the water is present in the form of hydration layers (if their thickness is assumed 
to be 10 °cm), if the nominal mean particle diameter is of the order of 1 yp. In a dusty soil (average particle 
diameter ~10,) ~ 2% of all the water is contained in hydration layers, etc. The conditions in such a system 
appear to be especially favorable for formation of structural bonds between the particles of the solid phase. 


In the light of the views developed by Rebinder and his school [2], the primary act of any structure forma— 
tion in a disperse system is the formation of a coagulational spatial network of the finest particles of the solid 
phase, contact between which is a consequence of collisions in thermal motion; such contact may be effected 
through the hydration (solvation) layers if they do not fully block the intermolecular forces. Such structures are 
characterized by low strength, high plasticity, creep, and thixotropy. 


The formation of coagulational contacts through the hydration layers on the soil-particle surfaces occurs 
in compacted soils probably during the compaction process, not only spontaneously but also under the influence 
of external forces. The concept of a spontaneously-formed spatial structural coagulational network becomes 
meaningless here, as the packing density of the solid phase is determined by the external mechanical forces 
during compaction. 
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Fig. 2. Effect of residual moisture on plastic strength (a), 
and variations of the moisture content (b) and plastic 
strength (c) during drying of soils in air of different rela- 
tive humidities (gy, %) : 

) Central Asian loam; — ——) Moscow loam. 
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Subsequent structure formation after compaction may proceed in two ways; 1) with removal of the dis- 
persion medium (water) by free evaporation into the surroundings; 2) without removal of water, when the 
surroundings are saturated with water vapor, and moisture does not evaporate. 


According to Rebinder [3], when a soil dries, condensational structures arise by formation of direct cohesive 
bonds, both as the result of a direct approach between the particles when the water layers between them become 
thinner or disappear, and by the formation and growth of a new phase cementing the soil particles together. 
Evaporation of water from the soil facilitates the action of the molecular cohesion forces which tend to bring 
the solid particles closer together against the separating action of the hydration layers. In this way dehydration 
of concentrated coagulational structures strengthens them and gradually converts them into condensational struc- 
tures, characterized by high strength, brittleness, and irreversible breakdown. 


It is evident that mechanical properties of soils at any given instant during drying depend wholly on the 
rate of evaporation of the moisture, and are determined by the residual moisture of the soil. 


The presence of elements of plasticity and thixotropy should be evidence of the predominant influence of 
mobile reversible coagulational contacts. If the rigid condensational bonds formed in the course of drying begin 
to play the predominant role, the soil acquires the properties of a brittle solid. 


In the other possible case — in absence of free evaporation of water from the soil — gradual strengthening 
of the coagulational contacts and the corresponding strengthening of the structure can evidently occur only as 
the result of aging — syneresis of the coagulational structure and spontaneous packing of the solid phase by the 
action of molecular cohesion forces which squeeze out the liquid interlayers between the particles. 
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Fig. 3. Variations of plastic strength (a) and moisture content 
(b) with time for Oglanli bentonite during exposure to air of 
different relative himidities (y, %), 


In such a case the increase of soil strength must evidently be attributed not to removal but merely to re- 
distribution of water in the three-phase system: soil~air—water (or pore liquid). 


The conversion of coagulational into condensational structures in natural soils and clay pastes has been 
studied in detail by Gor'kova [4]. 


The present communication contains the results of experiments on structure formation in compacted soils. 
The compaction was effected at optimum moisture content by the tamping method; the compaction conditions 
were so chosen that the degree of compaction was close to that produced by the corresponding modern equipment 
under industrial conditions [1]. The air-drysoilswere sifted through a sieve with hole 0.8 mm in diameter be- 


fore compaction. 


The mechanical properties of the compacted soils were characterized in terms of their plastic strength, 
measured by means of a cone plastometer of the lever type. The plastic strength was first determined immediately 
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after compaction, and then at various time intervals during exposure of the compacted specimens to air of dif- 
ferent but constant humidities (the relative humidity g of the air was 30, 80, and 100%). The moisture contents 
of the soils were determined together with the plastic strength. 


The experiments showed that the strength of a compacted soil during drying is a definite function of its 
residual moisture content, irrespective of the evaporation kinetics (determined by the humidity of the surround- 
ings). Fig. 1 shows data for Khar'kov loess and carbonate-free surface clay (from Cheremushki), and Fig. 2 shows 
analogous data for two loams; a dusty type, with a high carbonate content (light Central Asian,from Shurchi), and 
and a heavy surface loam (from the Moscow region), 


It follows from these results that the course of strength increase when there is free evaporation of moisture 
from the soil (i.e., when gy < 100%) is determined entirely by the evaporation kinetics, 
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Fig. 4. Effects of added sodium oleate (% on the dry soil) on the relationship 
between plastic strength and residual moisture content, and on the kinetics 
of moisture evaporation during drying: 

a) Central Asian loam, g = 80%; b) Khar'kov loess, y = 30%. 


Similar experiments were also performed with monomineral clays — Prosianaia kaolinite and Oglanli ben- 
tonite, compacted at the optimum moisture content. In the case of the kaolinite there was a definite relation- 
ship between plastic strength and residual moisture at different rates of drying. In the case of the bentonite, in 
harmony with the existing views on the highly hydrophilic nature of this mineral, when it was exposed to air of 
relative humidity 30 % and over in all cases there was a progressive loss of strength of the structure formed during 
compaction, owing to sorption of water vapor. At relative air humidities < 100% there was initially some in - 
crease of strength, corresponding to a slight decrease in the moisture content of the system, and then the moisture 


content increased again as the result of sorption, with a consequent persistent decrease of strength in the course of 
time (Fig. 3). 


The definite relationship between the strength and residual moisture content of a compacted soil no longer 
holds when a surface-active substance is introduced into the soil. Under such conditions the strength increase — 
formation and reinforcement of new structural contacts -- is determined not only by removal (evaporation) of 
water from the system, but also by the state of the particles of the solid phase, i.e., of the structural elements. 

If the adsorption layers formed when the surface-active agent is introduced make the solid particles hydrophobic, 
structure formation is accelerated and facilitated; if stabilizing adsorption layers of the gel type are formed, 
structure formation is retarded to a degree which depends on the extent of stabilization. 
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It was shown by Rebinder and his associates [5] that in the adsorption of higher fatty acids 9f the saturated 
and unsaturated series from aqueous soap solutions the nature of the adsorption layers formed (hydrophobization 
and flocculation, or stabilization, of the particles of the disperse phase) is determined only by the concentra - 
tion of the surface-active agent solution. We carried out experiments in order to study the effects of sodium 
oleate on structure formation in compacted soils and mineral powders; the sodium oleate was added in various 
concentrations in the form of soap stock wastes containing 67% of the surface-active component. The surface~- 
active additive was introduced into the soil with the mixing water. 


The results for Central Asian loam and Ukrainian loess are presented in Fig. 4. In the case of the loam 
the rate of evaporation of water is unchanged with additions of up to 0.2% sodium oleate, although the points 
representing the strength as a function of residual moisture are considerably scattered, and at the later stages of 
structure formation there is a tendency for a greater strength increase in the specimens containing the surface- 
active additive. In the carbonate soil (loess) partial formation of chemically fixed monomolecular hydropho- 
bizing layers of calcium soaps on the surfaces of the particles is to be expected, The results (Fig. 4) show that - 
in this case also the points for the strength as a function of residual moisture are considerably scattered. The 
effect of a gradual transition from ionic-molecular hydrophobizing adsorption layers (formed in adsorption from 
dilute sodium oleate solutions) to stabilizing and hydrophilizing adsorption layers of the gel type (formed in 
adsorption from concentrated solutions) can be more conveniently observed with a pure carbonate material. Ex- 
periments were therefore performed with powdered Kaluga limestone, also compacted at the optimum moisture 
content. 
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Fig. 5. Effect of added sodium oleate (% on the dry material) on the relationship between 
plastic strength and residual moisture content, and on the variation of the moisture content 
of Kaluga limestone when exposed under different conditions; 

a) at y= 30%; b) at gp = 100%, -——— WH; ~-~—Py 


The results (Fig, 5,a) show that when specimens of compacted limestone are dried at y = 30% there is a 
regular decrease in the rate of water evaporation with increasing concentration of sodium oleate, probably owing 
to retardation of the migration of water in a capillary system with a water-repellent surface. The relationship 
between strength and residual moisture content of the systern differs at different stages of drying; at relatively 
high moisture contents the strength varies in accordance with the residual moisture; the lower the moisture con- 
tent, the higher is the strength. At low moisture contents the reverse relationship holds, and the strength is higher 
with larger amounts of added sodium oleate, 
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The probable explanation of this last result is that when the system is greatly dehydrated as the result of 
drying the presence of colloidal adsorption layers results in additional reinforcement of the contacts because of 


their cohesion and condensation, 

For studies of the influence of adsorption layers on structure formation in compacted soils without super- 
position of dehydration during drying of the system, the specimens were exposed to an atmosphere of saturated 
vapor. 

The water pressed out under these conditions during syneretic compaction of the soil, which appeared on 


the open surfaces of the samples, apparently flowed out to some extent spontaneously under gravity; the "sweated" 
surfaces were car efully dried immediately before determinations of the plastic strength and residual moisture. 
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Fig. 6. Effect of added sodium oleate (% on the dry soil) on the relation- 
ship between plastic strength and moisture content (a), and the course 

of moisture variation (b) during syneretic reinforcement of Cheremushki 
Clay. 


Thus, the slight decrease in the moisture contents of compacted soils and mineral materials which takes 
place in saturated vapor accompanies an increase of their strength, but is a consequence and not the cause of the 
latter. The strength may increase even if the total moisture content of the system remains unchanged, if the re- 
inforcement of the coagulational contacts which takes place is not accompanied by the pressing out of consider- 
able amounts of water. It is the latter effect which apparently occurs in presence of a hydrophobizing agent which, 
by decreasing the thickness of the hydration layers or by removing them entirely, favors more rapid approach be- 
tween the particles of the solid phase and formation of direct contacts between them, as shown by the more rapid 
increase of strength with small changes of moisture content or even without alteration tn the moisture content of 
the system. 


In the case of the limestone specimens studied (Fig. 5, b) additions of up to 1% of sodium oleate are evident- 
ly still hydrophobizing in their action, as with retarded separation of water the strength increase is more intensive 
because of the larger number of structural contacts formed, or of their higher strength. An addition of 2% of 
sodium oleate has_a strong stabilizing effect on the system and retards the strength increase by preventing the 
formation of structural contacts; neither the strength nor the moisture content of the system show any appreciable 
changes throughout the experiment (20 days). 


The influence of hydrophobizing adsorption layers on syneresis is even more pronounced in compacted soils. 
Figs. 6 and 7 show the results of certain experiments with surface clay (from Cheremushki) and Khar'kov loess, 
The experiments with clay were performed in three variants: 1) with addition of sodium oleate only; 2) with 
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simultaneous addition of sodium oleate and of an amount of calcium hydroxide corresponding to the sorption 
capacity of the clay (0.6% on the soil), and 3) with preliminary prolonged saturation (for 10 days) of the clay 
with the same amounts of Ca(OH),, followed by mixing with sodium oleate solution. The purpose of the lime 
treatment was to ensure subsequent chemical fixation of the water-repellent adsorption layers on the surfaces of 
the soil particles, The results show that in the case of clay the strongest structurizing influence is exerted by 
chemically fixed adsorption layers of calcium soaps. In the case of the carbonate soil — loess — the strength in- 
crease on introduction of 1% sodium oleate takes place at unchanged moisture content. 
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Fig. 7. Effect of sodium oleate (% on the dry soil) on the 
relationship between plastic strength and moisture content 
(a), and the couse of moisture variation (b) during syneretic 
reinforcement of Khar'kov loess. 


SUMMARY 


1. Structure formation in soils during drying, with gradual transformation of coagulational into condensa- 
tional contacts by thinning or complete disappearance of interlayers of the dispersion medium at the points of 
contact (in accordance with P. A. Rebinder’s theory), is characterized by: 


a) different rates of evaporation of moisture under different conditions, dependent on the humidity of the 
surroundings; 


b) different rates of strength increase under different conditions, dependent on the rate of evaporation of 
the moisture; 


c) a definite relationship between the plastic strength and the residual moisture content of the soil (irres- 
pectively of the rate and conditions of moisture evaporation). 


2. The definite relationship between plastic strength and residual moisture content of a compacted soil 
during drying breaks down on introduction of a surface-active substance (sodium oleate); the adsorption layers 
formed are capable of influencing the course of structure formation differently at different stages, with the same 
concentration of sodium oleate in the soil; at relatively high residual moisture contents the strength increase may 
be retarded owing to a retardation of moisture evaporation. The strength increase is accelerated at low residual 
moisture contents, owing to the additional cohesive action of the colloidal adsorption layers during their dehydra- 
tion. 


3. In an atmosphere of saturated vapor, when the coagulatiomal contacts are reinforced only as the result of 
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pressing out of the boundary (aqueous) phase by the action of molecular forces (self-condensation, syneresis), 

the introduction of a surface-active substance (sodium oleate) in the concentration range corresponding to the 
formation of hydrophobizing ionic-molecular adsorption layers intensifies the strength increase, owing to attenua- 
tion or removal of the hydration layers from the surfaces of the soil particles. 


4. The formation of micellar adsorption layers, stabilizing the particles of the solid phase, at high con- 
centrations of sodium oleate retards or even inhibits structure formation. 
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DETERMINATION OF THE ADSORPTION OF SOLUTES ON HYDROGELS 


P. S. Meleshko 


Determination of the Adsorption of One Solute on a Hydrogel 


The usual method for determination of the adsorption of a solute on the surface of a solid adsorbent consists 
of measurements of the concentration of the solute before immersion of the adsorbent into the solution and after 
adsorption equilibrium has been reached. The amount of solution must also be known. The amount of substance 
adsorbed is usually referred to unit mass of adsorbent. In determinations of adsorption in a system in which the 
concentration of the original solution is not known the adsorbent is separated from excess solid phase and analyzed 
together with the solution adhering to it. A weighed sample of this mixture of liquid and solid phases (LS mix- 
ture) is analyzed for the percentage content of the anhydrous adsorbent (a), the total contents of the adsorbate, 
adsorbed and remaining in solution (b), and the concentration of the equilibrium solution (c). 


Suppose that 100 g of LS mixture contains i grams of adsorbed substance; then the amount of solute is 
b—i, and the amount of solution is 100 -a-—i. Since the concentration of the equilibrium solution is c, the 
weight of solute is (100 -a—i)c/100. The amount i of substance adsorbed is equal to the difference between 
the total content of the adsorbate in the LS mixture and the amount remaining in solution: 


suet yyw 5 (1 OU. B= t).0 . __ ac — 100 (c — db) 
Pe ee 


The number of grams of adsorbate per 1 g of adsorbent, Ty, is: 


© “ae 100 (¢ — 6) 
La a (100 — c) (1) 


Formula (1) can be used for calculation of [,, irrespectively of whether a dry or moist adsorbent was 
taken for the experiment. The determination of adsorption is somewhat different if the adsorbent is a hydrogel. 


Hydrogels usually contain chemically bound water, and to calculate the adsorption of a solute on a colloidal 
hydrate it is necessary to know its content of chemically bound water. 


Let the percentage content of the anhydrous substance (An) in the hydrate be x; then the number of grams 
of the hydrate in the LS mixture is 100a/x. If, as before, we denote the amounts of substance adsorbed by i, then 
the weight of solution is 100-100 a/x— i, and the amount of solute is (100-100 a/x~i)c/100. It follows that 

(100a /x—i)c 


or, after rearrangement 
100 


the amount of substance adsorbed must be i= b 


__ 100ac — 100x (c — b) 
of z (100 — ¢) ; (2) 


Since i is adsorbed by 100 a/x grams of hydrate, we have ; 
Dy. t@ | 100. (3) 
Substituting the value of i from Equation (2) into (3) we have 


= ae — 2 (¢— 6) 4 
been. aon * Y 
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If the colloidal adsorbent is not a hydrate but is anhydrous and x = 100, Equation (4) becomes Equation (1) 
after the substitution. 


As for an anhydrous adsorbent the determination of the adsorption of a solute on a colloidal hydrate is a 
problem which can be solved in two ways: by analysis of the LS mixture and equilibrium solution, and by de- 
termination of the concentration of the adsorbate solution before and after immersion of the adsorbent in it. It 
should be noted that the latter method may have certain advantages in the experimental sense in certain cases. 
However, if Formula (4) is to be used for calculation of the results in this instance, the values of a andb must 
first be calculated from the fomulas 


a= P,A[(P +Py) (5) 


and 
Pero E Py), 69) 


where P, and P are the weights of the colloidal adsorbent and the original solution respectively; c is the con- 
centration of the original solution; and A is the content of the anhydrous substance in the hydrogel. 


The adsorption on the surface of a hydrogel can also be determined if the amount of chemically bound 
water in the colloidal hydrate is unknown. In this case, however, it is necessary to determine the composition of 
the adsorbent (colloidal hydrate) simultaneously with the determination of adsorption. Neither of the required 
quantities can be found independently of the other. The simultaneous determination of the adsorption of a solute 
on the surface of a hydrogel and of the amount of chemically bound water in a colloidal hydrate is carried out by 
the third-component method of Danil'chenko [1-2]. The third-component method is an extension of the 
Schreinemakers [3] indirect method for determination of the composition of the solid phase in a ternary system 
to the case in which the substance in question is capable of adsorbing the solute. 


Determination of the Adsorption of Two Solutes Present Simultaneously in a Solution 


The determination of the adsorption of several solutes by a hydrogel, when they are present simultaneously 
in a solution, presents a special problem. If the solution contains two substances, each of which can be separate- 
ly adsorbed on the given hydrogel, it may be assumed that joint (simultaneous) adsorption of both substances will 
take place. Thus, to solve the problem in general form, it is necessary to find formulas for calculation of IT; 
and T,' when both these quantities are greater than zero. We return to Formula (4) for this purpose. 


We denote the total quantity of the two adsorbed substances by Ty+ Ty’; the total concentration on the 
solutes in the equilibrium solution is c+ c’; the total contents of the two adsorbates in the LS mixture is b + b’. 
Substituting the corresponding total values for the two adsorbates for Ty, c, and b in Equation (1) we have: 


pt (6 ed eee (7) 


Petia a (100 — (c+ ¢’)} a 


To calculate the adsorption of each of the substances separately, we again use Formula (4), but we first 
transform it by recalculation of the values ofc, b, and a in Equation (4), obtaining the new values cy, by, and 
aj. It is shown below that this recalculation has the effect of eliminating one of the solutes from the equilibrium 
solution and the LS mixture . 


The equilibrium solution of our system contains c % of Solute I (SI) and c'% of Solute II (SII). To find the 
new value Cc» for the concentration of the first solute, we take 100-c" of the solution as 100% This gives 


Cz = 100c / (100 —c’). (8) 


The LS mixture contains b% of substance I, b'% of substance II, and a% of the anhydrous adsorbent sub- 
stance. Taking 100—b' in the LS mixture as 100%, we find the new values of by and ag: 


by =: 100b / (100 — b’); (9) 
dy = 100a/ (100 — 0’). (10) 


Replacing in Equation (4) the values of c, b, and a by Cp, bg, and ag, we find, after rearrangement,the 
formula for calculation of [, for one of the substances: 
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_ 100ae —# [e (100 — b’) —b (100 — c’)} 
r= 100a [100 — (c + c’)] a oy 


To derive an equation for calculation of T,' for the second adsorbate, we calculate cy, by and ay 
similarly, but this time we "eliminate" the first solute from the system: 


c, = 100c’ / (100 —c), | eS 
b, = 1000’ / (400 — b); (9a) 
a, = 100u’/(400 — d). (10a) 
We now replace c, b, and a in Equation (4) by the values of ch , by, and aj: 
_ 100ac’ — x [c’ (100 — b) — b’ (100 —e)] (11a) 


is 100a [100 — (c + c’)] . 

Summation of the right and left-hand sides of Equations (11) and (11 a) and appropriate rearrangement gives 
equation (7). This result confirms the validity of these equations, since different approaches were used for the 
derivation of Equation (7) on the one hand, and of Equations (11) and (11 a) on the other. For the use of Equations 
(11) and (11 a) the content of anhydrous substance (x) in the colloidal hydrate must be known. If it is not known, 
it must be found by the third-component method in a parallel experiment. 


After the composition of the colloidal hydrate has been found, there are no obtacles to the calculation of © 
the required values of Ty and Ty,’ for substances I and II It must be remembered, however, that for calculation 
of either of these values it is necessary to determine the concentration c and c’ of the two solutes in the equi- 
librium solution, and their contents (b and b’) in the LS mixture; the content of the anhydrous substance (a) in 
the same mixture must also be determined. 


It is seen that the principle of this method consists of a virtual conversion of each of the adsorbed sub- 
stances from the four-component system An-H,O-SI-SII into a three-component system An-H,O-S. 


It must be added that the procedure for calculation of the adsorption of one of the solutes remains the same 
if the other solute is not adsorbed. In such a case either [, or IT’ will be found to be zero when Formulas (11) 
and (11 a) are used. 


Determination of the Adsorption of Several Solutes Present Simultaneously in a 
Solution ; 

The method for determination of the adsorption of two solutes, present simultaneously in a solution, on a 
hydrogel may be extended to systems with several solutes. Here again the method of "component elimination” 
must be used, but in the presence of several solutes not one, but n-1 components, where n_ is the total number 
of solutes, must be "eliminated." 


Let us consider the simplest case, the simultaneous adsorption of three solutes. Suppose that each or any 
of the solutes present in the system An-H,O-SI-SII-SIII can be adsorbed on the hydrogel surface. To find the 
adsorption [, of one of the three solutes, the following conversion formulas must be used:. 


Sat eed (12) 
68.400 ec — 0%? 
100b 
Eph abe Re 13 
are 2) 
100a (14) 


8.400 b aa" 


and the values of cg, bg, and ag must be substituted into Equation (4). To find Tr," and ry" , the values of oe 
b's, a's, and c"s, b"s, a", must be calculated in the same way, and substituted in turn into Equation (4). 


The same method can be used for calculation of the adsorption of a larger number of solutes. In principle, 
the applicability of the method is not limited by the number of solutes. The sole condition for determination of 
the adsorption of any one adsorbate is determination of the concentrations of each solute in the solution and the 


LS mixture. 
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Graphical Determination of the Adsorption of Solutes on a Hydrogel 


The adsorption of a solute on a hydrogel surface can also be determined graphically. The graphical 
method for determination of adsorption is very convenient, as the required value is rapidly found. The same 
experimental data are used as in the calculation of adsorption by Formula (4). These data are plotted in a Roose- 
boom triangular diagram [4]. In the diagram of Fig. 1 the vertices of the right-angled triangle correspond to the 
three components of the system An—H,O—S, where An is the anhydrous substance and $ is the solute. The 
sides of the triangle correspond to the three binary systems; water-solute, water-anhydrous substance, and an- 
hydrous substance -solute. 


To plot the analytical data in the diagram, the 
percentage content of the solute in the equilibrium so- 
lution is marked off on the vertical side of the triangle 
at the point c, By marking the content of the an- 
hydrous substance in the LS mixture on the abscissa axis 
(point a), and the total content of solute and adsorbed 
substance in this mixture along the ordinate axis (point 
b), we find the second point, F, representing the com- 
position of the LS mixture. A straight line is drawn 
through the points c and F. If the adsorbent is an- 
hydrous, the composition of the adsorption product is 
given by the point of intersection of the straight line 

: cF with the side SAn of the triangle, the point E. The 
ordinate of the point E represents the percentage content of the adsorbate in the adsorption product. To find the 
amount of adsorbate per 100 g of adsorbent, a straight line must be drawn from the H,O vertex of the triangle 
through the point E to its intersection with the perpendicular through the point An. The intercept GAn is the 
required amount. 


If the adsorbent is a colloidal hydrate with a known content of chemically bound water, before the ana- 
lytical data are plotted on the diagram (Fig. 2) the percentage content of anhydrous substance in the hydrate is 
marked on the horizontal side of the triangle (point x), and this point is joined to the point S. Each point of the 
line Sx_ corresponds to a constant An: H,O ratio, representing the composition of the hydrate. Any point re- 
presenting the composition of the adsorption product must lie on this line, regardless of the degree of adsorption. 
The pointsc andF are plotted by the same method, but the straight line through these points is drawn to its 
intersection of the "hydrate-composition hypotenuse” Sx, where the point E must now lie. Here again the inter- 
cept EO represents the percentage of adsorbate in the adsorption product, but in this case it gives the adsorption 
of the solute on the hydrate and not the anhydrous substance. We denote this adsorption by yg ; then the amount 
of hydrate in the adsorption product is 100—y,. The number of grams of adsorbate per 100 g of hydrate is: 

y =100 y,/(100—y,). Finally, the amount of substance adsorbed by the hydrate, per 100 g of anhydride, is ya, = 
=100 y/x. 


To find the two values y and ya, graphically (Fig. 2),astraight line is drawn from the H,O vertex 
through E to its intersections with the perpendiculars through the pointsx and An, The intercepts Gx and HAn 
represent y and ya, tespectively. It must be remembered that y=T,- 100. 


We now consider a third case: the adsorbent is a colloidal hydrate with an unknown content of chemically 
bound water. If we plot the analytical data for one sample of LS mixture on the diagram and draw a composition 
line through the points cand F, we cannot in this case find the position of the point E, which must be given by 
the intersection of two straight lines. As was shown by Danil'chenko [2], in this case analytical data for at least 
two samples of LS mixture must be used. 


The points c andc’ in the diagram (Fig. 3) represent the concentrations of equilibrium solutions and 
points F and F' give the compositions of two samples of LS mixtures. 


Straight lines are drawn through the pairs of points c andF andc’ andF" to intersect at the point E, 
but this point represents the composition of the adsorption product only if the adsorbent surface is saturated with 
adsorbate molecules in both samples. Any other straight line based on analytical data for an LS mixture of the 
same system, with a concentration of the equilibrium solution different from the first two, will pass through this 
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point, provided that this concentration is sufficient for maximum adsorption of the adsorbate molecules on the 
hydrogel surface. 


By drawing a straight line from the vertex S through the point E to its intersection with the horizontal 
side of the triangle, we find the point x, which represents the composition of the colloidal hydrate as percent- 
ages of anhydrous substance and chemically bound water, Now, as before, it is easy to find the degree of ad- 
sorption even in samples in which the maximum adsorption of solute molecules on the hydrogel surface has not 
been reached. All the points for the compositions of the adsorption products below maximum saturation must 
also lie on the line Sx, but below the point E. 


The straight line c"F" (Fig. 3) cuts the "hydrate-composition hypotenuse” Sx at the point E’, which is 
below the point E. The point E', like E, represents the composition of the product formed by adsorption of 
solute molecules on the colloidal hydrate, but in contrast to the latter it corresponds to a product with an un- 
saturated layer of adsorbed molecules. Evidently the concentration c" of the equilibrium solution is insufficient 
for formation of the adsorption product of limiting composition. Finally, by drawing straight lines from the H,O 
vertex of the triangle through the points E and E" to their intersections with the perpendicular drawn from the 
point x, we find the two values y. and ak 


The graphical method is inferior to the analytical method of calculation in the accuracy of the results 
obtained, but because of its simplicity and convenience it is useful in all determinations of the degree of ad- 
sorption on hydrogels. 


For graphical determination of the adsorption of two adsorbates 
in the system An-H,O—SI-—SII, as for a three-component system, we 
use a triangular diagram. While two vertices of the triangle (Fig. 4), 
as before, represent the anhydrous substance (An) and H,O respectively, 
the third now corresponds to the sum of two solutes, SI and SII We 
represent the content of anhydrous substance in the colloidal hydrate 
by the point x in the horizontal side H,O—An of the triangle. We 
join the point x to the vertex SI+ SII by a straight line, which should 
contain the point corresponding to the product formed by joint adsorp- 
tion of two solutes, SI and SII, on a hydrate with a content x of 
anhydrous substance. The concentrations of the two solutes in the 
equilibrium solutions are now marked off in such a way that the con- 
centration of one, c, is taken from the coordinate origin, while the 
concentration of the other, c', is taker from the point c, and the 
intercept between the H,O vertex to "c + c' " represents the sum of 
the concentrations of the two solutes. We then mark the content of 
anhydrous substance in the LS mixture by the point a along the ab-~ 
scissa axis and plot the contents of substances J and II in the LS mixture on the ordinate axis in the same order 
as the equilibrium concentrations. We thus find the points b and "b+ b'". We draw a straight line through the 
points "c+ c’" and "b+ b'” to its intersection with the hypotenuse "SI+ SII"-x at the point E. The ordinate 
of E (the intercept OE) gives the total content of the two adsorbates in the adsorption product, but gives no in- 
dication of the degree of adsorption of either of the substances separately. If a straight line is now drawn 
through the points c and b to its intersection with the hypotenuse "SI+ SII" —x , point J likewise does not 
give the degree of adsorption of either of the adsorbates, The point E'; which is the point of intersection of the 
line cb, with the perpendicular OE dropped from the point E to the abscissa axis,has a different significance, 
The point E’ divides OE into two parts, which represent the contents of the two adsorbates in 100 parts of the 
adsorption product; OE’ represents the content of substance I, and EE’, the content of substance II. 


Fig. 3. 


To express the adsorption of each of the substances in terms of parts per 100 weight parts of hydrate, we 
proceed as described for the construction of the preceding diagrams; i.e.,we draw straight lines from the H,O 
vertex of the triangle through the points E and E'to their intersections with the perpendicular through the point x, 
The intercepts xG' and GG’ represent the required values y and y’. 


This method of graphical determination of the adsorption of two solutes is not the only one possible. For 
example, the problem may be solved in stages, the adsorption of each adsorbate being found by means of a 
separate diagram. For example, to determine the adsorption of solute I (y), the values of c, b, and a recalculated 
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by means of Formulas (8), (9), and (10) are plotted in 
the triangular diagram (Fig. 2). Here the ordinate of 
the point c is c,= 100c/(100~c'), while the ordinate 
and abscissa of the point F are respectively bg =100b/ 
/(100~b’)and a, = 100 a/(100-a'). The vertex S of 
the triangle now represents 100% SI. The intercept xG 
gives the required value of y. For determination of 
the adsorption of substance II, the values of c', b’,and 
a' are recalculated by Formulas (8 a), (9a), ‘and (10 a), 
and a triangular diagram is plotted from the results. If 
the same Fig. 2 is used, then the vertex S of the trian- 
gle corresponds to 100% SII; the ordinate of the point 
cc isc’,, and the coordinates of the point F are b', and 


a’, Finally, the intercept xG in this case represents the adsorption y’ of substance II. 


SI + SII SI+ SII + SIII 


The graphical method for determination of the adsorption of two substances may be applied to systems with 
a larger number of solutes. Analytical data for the system An—H,O—SI—SII~SIII are plotted in the diagram 
(Fig. 5) in the same way as for two adsorbed substames (Fig. 4). 


In this diagram (Fig. 5) the point A corresponds toc, the concentration of SI; the point B represents the 
sum of the concentrations of SI and SII, i.e., c+ c’; the point D represents the total concentration of all three 
solutes, ct c'+ c". Similarly, the ordinate of F" represents b; the ordinate of F' represents b + b’., and the 
ordinate of F, the sum of b+ b’ + b”. Straight lines are drawn through each pair of points, D and F, B and F’, 
and A and F". Only the line DF must be drawn to the intersection with the "hydrate-composition hypotenuse.” 
The other lines are drawn only to their intersections with the perpendicular from the point E to the abscissa axis. 
Straight lines are drawn from the H,O vertex through the points E, E’, and E” to cut the perpendicular from the 
point x; this gives the required values of y, y’, and y”. 


Finally, the method of “component elimination” can be used in this case also. It is possible to find y by 
the usual construction method if the values of cg, b3, and ag are calculated by meang of Formulas (12), (13), and 
(14) and plotted on a triangular diagram. Similarly, it is necessary to calculate cj, bs} a3, and c3, b# a%, in 
order to find y’ and y”. To determine the adsorption of each adsorbate by this last method, it is necessary to 
plot as many separate diagrams as there are solutes in the system. 


SUMMARY 


1. The method for determination of the adsorption of a solute on a hydrogel from analytical data for the 
solution and the mixture of the liquid and solid phases has been extended to systems with several solutes. 


2. It is shown how the adsorption of each of several jointly adsorbed substances may be determined, what- 
ever their contents in the solution; calculation formulas are derived for this purpose. 


3. For determination of the adsorption of any one of several jointly adsorbed substances it is necessary to 
determine the concentrations of each solute in the solution and in the mixture of liquid and solid phases. 


4. A graphical method is described for determination of the adsorption of one or several solutes adsorbed 
on a hydrogel. 
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KINETICS OF PHASE SEPARATION IN PROTECTED EMULSIONS 


SG. Mokrushin and’ Ve L=poristichina 


The kinetics of phase sepatation in emulsions may be represented by the Lederer equation [1]. 


aV jdt =k(1—V)v, (1) 


where dV/dt is the rate of phase separation in the emulsion; k is the rate constant for phase separation; Y is the 
relative volume of the separated oil (the initial volume of the oil being taken as unity). The integral form of 
Equation (1) is 


ie Pee (2) 


We took numetical values of the constant k as a measure of the stability of emulsions stabilized by emul- 
sifiers consisting of organic dyes. 


According to Rebinder and his associates [2,3] the ~ 


Phase Separation Constants of Benzene Emulsions most powerful and universal stabilizers are substances 
in Water Protected by Various Dyes which cover the emulsion droplets by protective gel-like 
Seen poe se films with structural properties which prevent coales ~ 
Dyes t,sec le nif a | acon! cence of the droplets. Dyes, which have the properties 
is | of colloids and are diphilic in character, form protective 
films which stabilize the emulsion droplets. Similar 
Congo Red 180 | 3,0] 0,12 | 0,0016 films formed by dyes were observed by Nakagaki [4] in 
Bi ce Won ae the preparation of stable foams. 
re o VE hate In the present investigation * o/w emulsions were 
480 | 7,8] 0,31 | 0,0011 prepared from freshly distilled water and benzene in 
re ae pias haan 3:1 ratio. The emulsifiers were 0.01% aqueous solu- 
Methyl Violet | 240 | 14 a 0, 40 0.00298 tions of the following dyes: Congo Red, Methyl Green, 
300 | 13,5 | 0,54] 0,00272 and Methyl Violet. The emulsification was performed 
ro 1 ae ee by the method of shaking in a closed cylinder, as des- 
480 | 20,0 | 0,80} 0,00264 cribed by Briggs [5]. 
940 | 21,5 | 0,86 | 0,00262 ney : me : 
600 | 22,5 | 0,90 | 0,00263 The variation of emulsion stability with the con- 
Methyl Green 40 | 7,0} 0,28 | 0,042 centration of the emulsifier (Congo Red) is shown in 
si rte ie aad Fig. 1. It follows from Fig 1 that the stability of the 
100 | 18/0 | 0,72 | 0,010 emulsion increases, i.e., the amount of benzene separat~ 
120 | 20,0 | 0,80} 0,010 ing out decreases, with increase of the amount of dye 
140 | 22,0 | 0,88 | 0,010 


added. The experimental data for calculation of the 
rate constant (k) of phase separation in an emulsion 
made from 72 ml of distilled water, 25 ml of benzene, 


*Student A. N. Torokin took part in the experimental work. 
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anc 8 ml of dye solution are given in the Table. The initial volume of benzene (25 ml) is denoted by Vp; the 
volume of benzene separated out of the emulsion in t seconds is denoted by V,; the relative volume V is 


V=Va/ Ve 


The variation of the rate constant with the amount of added emulsifier (dye) is plotted in Fig. 4 


Fie An [slp 
A ar 
Meer 


if 2 v 4 oF 


I 9 Wtmin Dye Solution, ml 
Fig. 1. Kinetics of phase separation of emul- Fig. 2. Variation of the rate con- 
sions, with different amounts of added 0.01% stant of phase separation with the 
Congo Red solution: amount (m1) of 0.01% solutions of 


1) without addition; 2) with 0.1 ml of Congo the following dyes: 
Red; 3) with 0.2 ml; 4) with 0.5 ml; 5)with 1) Methyl Green; 2) Methyl 
1 mi; 6) with 3 ml. Violet; 3) Congo Red. 


Fig.3. Microphotographs of an emulsion stabilized by Congo Red: 
a) during the first minutes after formation; b) 48 hours after formation. 


Fig. 2 shows that the constant decreases with increasing concentration of the dyes in the emulsions, and that 
Congo Red has a greater emulsifying power than Methyl Violet or Methyl Green. The differences in the stabilizing 
power of the dyes diminish with increase of the amounts added: for example, the ratio of the rate constants for 
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Methyl Violet and Congo Red is 4.0 with 0.5 ml of dye, 3.6 with 1 ml, and 2.0 with 3 ml. 


Fig. 3,a, is a microphotograph of an emulsion stabilized by Congo Red, during the first few minutes after 
its formation, and Fig.3, b shows the same emulsion after 48 hours of standing. Fig. 3,b shows that fine droplets 
10-20) in dameter are attached to the surfaces of large droplets of average diameter ~ 100y. 


For the formation of stable emulsions, the amount of dye emulsifier should be not less than 1 y per 100 
ml of emulsion; this is necessary for formation of ultrathin structurized films [6, 7]. The tendency of a dye to 
form a gel-like structure on the surface of the emulsion droplets depends on the colloidal properties of the dye. 
Congo Red has more pronounced colloidal properties than Methyl Violet or Methyl Green, and it therefore has 
a greater stabilizing effect. 


SUMMARY 


1. The stability of benzene-water emulsions stabilized by Congo Red, Methyl Violet, and Methyl Green 
can be characterized by the constant for the rate of phase separation in the emulsion, from the Lederer equation. 


2. The. Lederer constant decreases with increase of dye concentration in the benzene-water emulsion. 


3. Microphotographs of stabilized emulsions clearly show the stages of their formation and breakdown. 
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STUDIES OF ALUMINUM HYDROXIDE HYDROSOLS 


4. THIXOTROPIC GELATION OF SOLS IN METHYL ALCOHOL—DIOXANE MIXTURES 


P. V, Rufimeskii 


It was shown in an earlier paper [1] that ethyl alcohol is an effective structurizing agent for aluminum 
hydroxide hydrosols. Our ex periments showed that methyl alcohol, in contrast to ethyl alcohol, does not cause 
thixotropic gelation of aluminum hydroxide sols. The purpose of the present investigation was to study the 
thixotropic gelation of aluminum hydroxide sols in dioxane—water and dioxane methyl alcohol mixtures over a - 
wide range of sol and additive concentrations, as it appears that determinations of this type have never been ° 
performed. 


Aluminum hydroxide sol was prepared, as before, by Crum's method [2]; methyl alcohol (commercial) 
was dehydrated by boiling with methyl alcohol followed by two distillations; the dioxane was left to stand over 
solid caustic potash, distilled, boiled for a long time with metallic sodium, distilled off, and frozen out at 7-8. 


The properties of the methyl alcohol and dioxane used in the experiments are given in Table 1. 
EABLE-} 


Properties of Methyl Alcohol and Dioxane 


Refractive index 


experi- 
mental 


Specific gravity 


Boiling point 
°C 


Substance 


experi- 
mental 


from tables from tables 


1.33057 
1.4224 


64.5-55.0 
101.3 


Methyl alcohol 


Dioxane 1.0335 


The region of thixotropic gelation of the sol was determined, as in the case of electrolytes and ethyl 
alcohol, by the Rabinerson method [3] in conjunction with Dumanskii's [4] concentration-triangle method. 


For determination of the region of thixotropic gelation, the aluminum hydroxide sol of maximum concentra - 
tion was mixed with dioxane and water or with the alcohol and dioxane in volume proportions corresponding to 
definite compositions on the concentration triangle. The components were mixed in glass test tubes 7-8 mm in 
diameter and 6-7 cm long, which are convenient for visual observations of thixotropic systems. The total volume 
of the mixture in each experiment was 1 ml. The solution volumes were measured by means of a previously cal- 
ibrated microburet. The experiments were performed at 21-29. 


Fig. 1,a represents the state of the system: A1,0, sol (c = 10.04 g/liter) CyHgOj-H,O 24 hours after the 
reagents were mixed. Here I is the region of thixotropic gelation of the alumina sol; II is the region of lumpy 
gels; III is the region of unchanged sol. Alumina sol becomes thixotropic in presence of dioxane; thixotropic 
gelation may be observed with Al,O3 and C,4H,O, contents in the mixture from 0.19 to 0.39 wt. % for Al,O3, and 
from 60.53 to 60.66 wt. %for C,H,O,. It should be noted that the alumina gel formed is typically thixotropic: 
when shaken, it liquefies instantly and becomes a sol, but the latter sets into a gel after a few seconds. 


w 


It is also noteworthy that after the gels have been kept in inverted tubes for only two or three days a “tongue 
is formed, a clear exudate separates out,and the gel decreases considerably in volume, leaving a very thin film on 


the tube walls. 
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Fig. 1. Diagram for the thixotropic gelation of Al,O, sol with a concen- 
tration of 10.04 g/liter in presence of dioxane (a) and methyl alcohol (b). 


A1,O, sols also undergo structurization in methyl alcohol-dioxane mixtures. The state of the sol 24 hours 
after addition of methyl alcohol is represented in Fig. 1,b. The component ratios (Region I, Fig. 1,b) in volume 
and weight percentages in the system: A1,O, (c = 10.04 g/liter) - C,H,0;-CH,OH are given in Table 2. 


TABLE 2 


Component Ratios in the System Al,O,— C,HgOg-CH,OH 


Composition of mixture in ml (vol.%) Composition of mixture in wt. % 


60 = = 


0.39 60.56 
LE 


50 10 


30 30.70 


Since the compositions of the mixtures represented in the concentration triangles (Figs. 1,a and 1,b)varied 
over wide limits, systems were made up in “extended” concentration triangles, which differed from the previous 
ones by covering narrower concentration ranges (they are denoted by, a,8, and y in Figs. 1,a and 1,b). The 
state of the system in these cases is represented by Figs. 2,a and 2,b, where I is the region of thixotropic gela- 
tion of the alumina sol; III is the region of unchanged sol. 


The composition of the "corner" solutions are given in Table 3. 


C.H0, (8) 


(Y| 8 oy of 


Fig. 2. Diagram for the thixotropic gelation of Al,O, in the a, B, y 
region (Fig. 1,a) 24 hours after addition of dioxane. 
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TABLE 8 


Composition of Systems Represented in Figs. 2,a and 2,b 
Concentration in wt.% 


Concentration in wt. % 
(Fig. 2,a) (Fig, 2,b) 


Corner of 
triangle 


Solution a 0.45 67.29 | 32.26 0.37 50.70 = 48,92 
Solution B 49, 62 
Solution y 31.11 


SUMMARY 


1. Aluminum hydroxide sol prepared by Crum's method undergoes thixotropic gelation on addition of 
dioxane, and in dioxane-methyl alcohol mixtures. 


2. The qualitative aspects of the thixotropic gelation of alumina sols in presence of dioxane and in 
dioxane-methyl alcohol mixtures have been studied. 


3. In addition to typical thixotropic gels, lumpy gels are also formed in presence of dioxane and in 
dioxane-methyl alcohol mixtures. 


4. In the case of dioxane the region of thixotropic gelation is wider and is shifted in the direction of 
maximum concentration of the latter; the probable explanation is that methyl] alcohol does not influence 
thixotropic gelation of alumina sols. 


I am grateful to Professor, Doctor of Chemical Sciences A. F. Bogoiavienskii for his scrutiny of this paper. 
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SEDIMENTATION OF A MAGNESIUM HYDROXIDE SUSPENSION 
IN AN ULTRASONIC FIELD 


N. I. Soboleva,-A. G. Bol'shakov, and A. V. Kortnev 


Much attention has been devoted in recent years to applications of ultrasonics in physical and colloid 
chemistry; for example, for dispersion of liquids and solids in various media by the action of an ultrasonic field 
[1-3], sedimentation of aerosols and coagulation in hydrosols [1,3-5], liquefaction of thixotropic gels[9], activa- 
tion of oxidation processes [10], acceleration of hydrolysis reactions [11], etc. 


An ultrasonic field may have both a dispersing and a coagulating effect on a colloidal system; the experi- 
mental conditions determine which of these processes predominates. For example, Sollner [12] attributes the 
existence of a concentration limit in an aqueous emulsion of mercury made by the ultrasonic method to the fact 
that during prolonged exposure under given conditions (constant power and frequency of the ultrasound) coagula- 
tion begins to proceed at a higher rate than dispersion. Urazovskii and Polotskii [13] suggested that there is an 
optimum power (and exposure time) for successful dispersion of solids in liquids; if this is exceeded, the sol form- 
ed subsequently coagulates. Gilling [14] considers that coagulation requires less energy than dispersion, where a 
definite minimum is required to produce cavitation. The coagulation rate under the influence of ultrasonics also 
depends on the particle size of the disperse system. In coarsely disperse systems (suspensions and emulsions) 
orientation, accumulation, and coagulation of particles in an ultrasonic field is readily observed [8]. Hermans 
[5] studied the coagulation of Agl sols by electrolytes; the process was accelerated considerably in an ultrasonic 
field, In absence of electrolytes Agl sols were stable both in the ultrasonic field and outside it. 


The mechanism of ultrasonic action on colloidal systems is not yet fully understood. Of all the effects 
accompanying the action of ultrasonic waves on aqueous solutions, many authors attach most importance to 
cavitation and the agitation effect. Much importance is attached to cavitation in explanations of the chemical 
action of ultrasonic waves (activation of molecules), whereas the physicochemical processes accompanied by 
changes in the state rather than of the properties of a substance are predominantly influenced by the agitating 
effect of ultrasonic waves (instantaneous powerful accelerations in the liquid microlayers). 


In this investigation we studied the sedimentation k inetics of Mg(OH), suspensions of various concentrations 
in a wide range of frequencies. The separation of amorphous precipitates such as Mg(OH), or Al(OH)3 in indus- 
trial practice is a very lengthy process which requires a large volume of equipment. Therefore acceleration of 
the sedimentation process and improvement of the structure of precipitates for easier filtration are of great im- 
portance for intensification of technological processes of this type. 


The object chosen for the investigation was the system: MgCl, -NaOH—~Mg(OH),—-NaCl under approxi 
mately the conditions of brine purification in soda ash manufacture. 


The ultrasonic source was a piezoelectric quartz ultrasonic generator of ~350 watt power. Its circuit 
diagram is given in Fig. 1. The ultrasonic oscillators were quartz plates with natural vibration frequencies of 
300, 450, 600, 950, 1500 and 2000 kilocycles /second. The high-frequency oscillator was of the Hartley type, 
with self-excitation in the GK-3000 oscillator tube. The rectifier circuit was of the full-wave type with four’ 
VG -129 gas rectifiers. The high-tension oscillator feed was 3000 v. Changes of frequency range in the opera- 
tion of the generator were effected by changes of circuit coils, while the generator was tuned to the required 
frequency by means of a variable capacitor and, in some instances, by the connection of an additional fixed 


capacitor. 
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Fig. 1. Circuit diagram of ultrasonic generator: 

Ty, Tg, Ts, T4) VG-129 gas rectifiers; T,;) GK-3000 tube; 
Tr) rectifier tube filament transformer; Tr,)high~tension 
transformer; Tr,)tube filament transformer; Tr4, Trg ) 
LATR-2 autotransformers; Tr,) LATR~1 autotransformer; 
Ch,) low-frequency choke; Ch,)high-frequency choke; 
C,) smoothing-filter capacitor; C,) shunt capacitor; C3) 
coupling capacitor; C4) tube supply-line capacitor; Cs) 
variable capacitor for oscillatory circuit; Cg.) supplement~ 
ary capacitor; R,) 2000-ohm resistance; L,)inductance 
coil of oscillatory circuit; Q) quartz oscillator. 


Circular X-cut piezoelectric quartz plates of two sizes were used: for frequencies of 300, 450, and 600 kc 
the diameter was 35 mm; for frequencies of 950, 1500, and 2000 kc, it was 20 mm. 


The holders for the 35 mm quartz plates were made from Plexiglas, with an air gap, under the lower brass 
electrode. The upper electrode was a brass ring pressed against the quartz plate by means of spring clamps. The 
thickness of the lower electrode was strictly determined by the natural frequency of the quartz plate. This type 
of holder design ensures maximum supply of the ultrasonic power into the medium under investigation. The 
holders for the 20 mm quartz plates were constructed on the same principle, but porcelain plates served as the 
bases of the holders. 


The experiments were performed in an ordinary 1-liter beaker fitted with a special lid and a Plexiglas 
insert to keep the quartz holder and the tubes with the solution stationary. The solution was put into test tubes 
with ground-glass bottoms, which ensured the maximum possible transfer of sonic energy into the system. A cir- 
culation cooling system was provided for the experimental vessel in order-to maintain a constant temperature (+ 2) 
during each experiment. 


Ne 
Ks] 
NSS 


0. 20 40 60 
Sedimentation time, min 


Height of visible boundary, mm 


Fig. 2. Effect of ultrasonic vibrations on sedimentation 

of magnesium hydroxide from a solution containing 6.61 g 
MgCl,/ liter. 

Solution No. I, ultrasonic frequencies; a) 1500 kc; b)450 ke; 
exposure times; 1) 0.5 minutes, 2) 1 minute, 3 minutes, 4) 
5 minutes, 5) 10 minutes; 6) control experiment. 
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The ultrasonic generator was first switched on and tuned, and the feed voltage, anode current, and anode 
voltage were checked. A frequency meter was also switched in to check the tuning of the generator to the re- 
quired frequency. Stable operation of the generator was indicated by the shape and size of an oil fountain,which 
reached a height of 5-7 cm for a maximum output of sonic energy. 


10 ml of the MgCl, solution was mixed with the same volume of NaOH solution and placed in the ultra- 
sonic field. The duration of the exposure time was measured by means of a stop watch. At the end of the expo- 
sure the test tube with the solution was fixed in a clamp and the height of the Mg(OH), precipitate, which was 
used as a measure of the sedimentation rate was measured every 10 minutes after the end of the exposure. 


Height of visible boundary, mm 


0 


Sedimentation time, min. 


Fig. 3. Effect of ultrasonic vibration on 
sedimentation of magnesium hydroxide 
from a solution containing 0.86 g MgCl,/ 
liter. ; 

Solution No. 5; ultrasonic frequency 
1500 kc, exposure times: 1) 0.5 minutes, 
2) 1 minute, 3) 3 minutes, 4) 5 minutes, 
5) 7 minutes. The curve for the control 
experiment coincides with Curve 2. 


During the first few seconds of exposure the solution 
became deaerated in all the experiments; gas bubbles were 
formed along the entire liquid column in the tube, rose to the 
surface, and vanished. 


Control experiments were performed simultaneously 
with the same MgCl, and NaOH solutions which had not been 
exposed to ultrasonic vibrations. The height of the Mg(OH), 
precipitate was measured at 10-minute intervals after the 
solutions had been mixed. 


During the operation of the ultrasonic generator part 
of the sonic energy is absorbed by the transformer oil and the 
test solution and is converted into heat. In our experiments 
the maximum temperature rise for 300 cc of transformer oil 
without cooling was 12-1 in 7 minutes. With the use of 
the cooling system the temperature increase was 2-2 in 7 
minutes of exposure. The sonic energy emitted by 1 cm? of 
the quartz plate can be determined calorimetrically. In our 
experiments it was found to be 5 watts/cm? at 2000 ke. 


The sonic power calculated from the electrical charac- 
teristics of the generator was 8.4 watts/cm? at 2000 ke and 
3.4 watts/cm? at 300 kc. 


The choice of the concentration of the original mag- 
nesium chloride solution was based on the values met in 
industrial practice. The magnesium chloride solutions used 
contained 6.61, 5.53, 3.31, 1.69, 0.86 and 0.43 g of MgCl, 
per liter of solution. Each solution was exposed for 0.5, 1, 3, 
5, and 7 minutes to ultrasonic vibrations of different frequen- 


cies. The ultrasonic frequencies were 300, 450, 600, 950, 1500 and 2000 kc. 


The anode potential of the generator tube varied from 2200 to 2800 v, and the anode current was 100-120 ma. 


Figs. 2, 3, and 4 show that the general character of the curves is the same for all the solutions studied. It 
follows from Fig. 2 that the sedimentation rate of Mg(OH), is greatest under the influence of an ultrasonic field 
for 5 minutes, whereas exposure for half a minute has little effect on the sedimentation of Mg(OH),. With prolonged 
action of the ultrasonic field on this suspension the dispersion process prevails over coagulation, and the precipi- 
tate, consisting of finer particles, entrains a larger mass of solution and so occupies a greater volume. 


The curves for solutions of low concentration (Fig. 3) almost coincide, but nevertheless it may be seen that 
during the initial period (10 minutes of sedimentation time) Curve 4 lies below the others, although its further 
course indicates that the sedimentation of Mg(OH), is accelerated in comparison with the control experiment. 


The relationship between the ultrasonic frequency and the sedimentation of Mg(OH),, plotted in Fig. 4, 
indicates that at 450 kc dispersion of the precipitate takes place in all the solutions (the numbers marked along 
the ordinate axis represent the values for control experiments). For most of the solutions the least layer height 
is obtained at 1500 kc. This is probably the most favorable frequency for acceleration of the sedimentation of 


Mg(OH), suspensions from these solutions. 
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Fig. 4. Effect of ultrasonic frequency on 


the sedimentation of Mg(OH)p, 

Exposure time 5 minutes, sedimentation 
time 10 minutes; solutions: 1) No. 1; 2) 
No. 2; 3) No. 8; 4) No. 4; 5) No. 5; 

6) No. 6 (20 minutes). 


Solutions of different concentrations exhibit different — 
behavior in the ultrasonic field. The influence of ultrasonic 
vibrations is most prominent in solutions containing 6.61, 
5.83, and 3.31 g MgCl, per liter (Fig. 5). | 


The curves for dilute solutions differ very little from 
each other, and in most cases lie above the curve for the 
control experiment; i.e., ultrasonic vibrations cause only a 
slight dispersion of the precipitate and do not accelerate 
sedimentation. 


The graphical data can be used for determination of 
the average sedimentation rate of Mg(OH), suspensions and 
for comparison of the particle radii in suspensions exposed 
to an ultrasonic field with the particle radii in untreated 
suspensions. On the assumption that the suspension is mono- 
disperse, that the particles are spherical, and that the sedi- 
mentation proceeds at average velocity v, the particle 
radius can be calculated from the formula [15]: 


r= ssVe/D— De, 


where 7 is the viscosity of the suspension; D is the density of the solid phase; d. is the density of the liquid phase; 


pds the acceleration due to gravity. For the suspension in question r = 0.008 /v. 


0043086169 3,3 5,93 6,61 
MgCl, concentration, g/liter 


Height of visible boundary, mm 


Fig. 5. Effect of concentration of the 
MgCl, solution on the sedimentation 
of Mg(OH)>. 

Exposure time 3 minutes, sedimenta- 
tion time 10 minutes, frequencies: 1) 
300 kc, 2) 450 kc, 3) 600 kc, 4) 950 
ke, 5) 1500 kc, 6) 2000 ke, 7) 
contro] experiment. 


The values given in the Table correspond to experi- 
ments in which the greatest increases in the sedimentation 
rate of Mg(OH),, in comparison with the control experiments, 
were observed for the given solution. The different effects 
of ultrasonic vibrations on the sedimentation of Mg(OH), 
from solutions of different concentration can evidently. be 
attributed to differences in the particle sizes of the suspen- 
sions formed. Particles of different sizes vibrate differently 
in the ultrasonic field. The natural vibration frequency of 
the particles in the suspension, which is related to their size, 
may coincide with the frequencies of the forced vibrations 
caused by the ultrasonic field. In that case the vibration am- 
plitude may increase so much as to exceed the distances be- 
tween the particles. Increased collisions between the particles 
in the suspension leads to their growth, and the sedimentation 
rate of the suspension increases accordingly. 


Large particles in solutions of low MgCl, concentration 
settle so rapidly that any appreciable influence of the ultra - 
sonic field cannot be detected. In concentrated solutions,on 
the other hand, a fine suspension of Mg(OH), is formed; these 
fine particles vibrate under the influence of the ultrasonic 
field, collide, and form large aggregates which settle much 
more rapidly than the original particles. 


A frequency of 1500 kc, in the range investigated, 


proved favorable for acceleration of the settling of an Mg(OH), suspension containing particles~ 1 y in size. 
In the other cases the particles apparently did not follow the vibrations of the medium and therefore did not 


increase in size. 
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Increase of Particle Radii in Suspensions Under the Influence of Ultrasonic Vibrations 


Shien « eUntteated) 6 Exposed to ultrasound 
~~ |Relative in- 


tion lsedimentat Particle Re anency duration of |sedimenta- | particle crease of 


i locit dius j 
No. |tion velocit '@4ius, | ke treatment 100 Velocityjradius, | particle 
ty,mm/sec gu aE age H radius) % 
4 0,0128 0,90 ee 5 0,0916 Pais 170 
2 0,0144 0,94 ak i) 0,0750 2,49 133 
3 0,0350 1,49 ae 7 0, 0833 2,30 54 
4 0, 0666 2,06 950 4) 0,1083 2,64 28 
5 0,1166 y Dey iP 1500 5 0,1216 2,78 2,2 
6 0,1333 2,92 1500 4 0, 1333 2,92 0 
SUMMARY 


1, An ultrasonic piezoelectric quartz unit operating over a wide range of frequencies at ~350 watts hds 
been designed and constructed. 


2, The sedimentation of magnesium hydroxide suspensions in an ultrasonic field was studied at frequencies 
of 300, 450, 600, 950, 1500 and 2000 kc, with exposure times of 0.5, 1, 3, 5, and 7 minutes. The concentrations 
of the original MgCl, solutions were 6.61, 5.53, 3.31,1.69, 0.86 and 0.48 g /liter. 


8. An ultrasonic field has two effects on the sedimentation of Mg(OH),:; in some conditions the sedimenta- 
tion of Mg(OH), suspensions is accelerated (frequency 1500 kc, exposure time 5 minutes, MgCl, concentrations 
6.61, 5.53 and 3.31 g/liter), while in other conditions the precipitate undergoes dispersion and the sedimentation 
time of Mg(OH), increases (frequency 450 kc, exposure times 0.5 and 7 minutes, MgCl, concentrations 1.69, 0.86, 
and 0.43 g/liter). 


[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
(7) 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 


ae REA IU ROE Cal i BaD 
Bergmann, Ultrasonics (IL, 1956) [Russian translation]. 
S. N. Rzhevkin and E. P.Ostrovskii, J. Phys. Chem. 6, 73 (1935). . 
S8llner, Colloid Chemistry, Edited by J. Alexander, V. 5, (1944), pp 337-373. 
D. Thompson, Chem. Eng. Progress 46, 1, 3-6 (1950). 
J. J. Hermans, Rec. trav. chim. Pays-Bas 58, 139 (1939). 
A. P. Kapustin, J. Tech. Phys. 20, 10 (1950). 
A. P. Kapustin, J. Tech. Phys. 22, 5 (1952). 
A. I. Berlaga, J. Exp. Theoret. Phys. 16, No. 7, 647 (1946). 
B. B. Kudriavtsev, Application of Ultrasonic Methods in Physicochemical Investigations (GITTL, 1952). 3 
I. G.Polotskii, J. Gen. Chem. 17, 4 (1947). 
O. S. Stepanova, Trans. Odessa State Univ. 21, 15, coll. Chem. Faculty, vol. 2 (1952), p: 192 
Sollner, Bondy, Trans. Faraday Soc. 32, 616 (1936). 
S. S. Urazovskii and I. G. Polotskii, Colloid J. 6, No.9, 779 (1940). 


D. Gilling, Chem. Prod. 7, 11, 69 (1944). 


*In Russian. 


103 


( 


INVESTIGATION OF BOUNDARY FRICTION AND ADHESION, IN RELATION 
TO STUDIES OF THE INTERACTION OF FINELY DISPERSED PARTICLES 


1. CERTAIN BOUNDARY PROPERTIES OF SOLUTIONS IN NARROW PLANE 
GAPS BETWEEN SOLID SURFACES 


Ge le Pukis 


Friction and adhesion of solids in liquids are usually determined in order to study the lubricating action of 
the latter and to select lubricating oils for machines and instruments. However, such measurements can also be 
used in modeling of particle interaction in suspensions and colloidal solutions [1]. The nature and magnitude of 
the forces acting between the particles determine the stability of disperse systems [2, 3] and have a very signifi- 
cant influence on their structuromechanical properties [4, 5]. Studies of these forces constitute one of the im- 
portant problems of colloid chemistry. 


Whereas important results have recently been obtained in the development of a theory of particle inter- 
action (for reviews, see [3,6,7] ), the number of experimental investigations in this field is not large. Information 
of the influence of various factors on the strength of bonds between particles is mainly based on indirect and in- 
complete data, such as the values of the electrokinetic potential. 


The binding force between two colloidal or microscopic particles in a supermicellar structure is so small 
that it has not yet been measured directly, by mechanical methods. * 


The strength and nature of the bonds between like particles may differ [9, 10]. Under such conditions di- 
mensional modeling becomes of great significance. 


Constancy of the numerical walues of dimensionless characteristics is a necessary and sufficient condition 
of mechanical similarity between an object and its model [11]. Either of two postulates may be used in the 
modeling of bonding between particles of disperse systems in liquid dispersion media: 1) a bond arises in conse- 
quence of the resistance of the liquid to relative displacement of the particles; 2) particle interaction results in 
an elastic bond, the breakdown of which requires the application of a critical stress. 


The first, hydrodynamic modeling method is based on investigations of the flow of a liquid into a gap be- 
tween solids, and of shear of solids separated by a liquid layer. Dimensional analysis shows that the resistance 
force W exerted by a liquid on a body moving in it is given by the expression: 


W = el*V%f (a, R), (1) 
where p_ is the density; are the linear dimensions (not less than two); V is the average velocity; a is the 


angle of direction of the velocity; R is the Reynolds number. For motion characterized by low Reynolds num- 
bers (creep motion) the value of p, which represents inertia, may be disregarded (see [11,12] for fuller details), 


and Expression (1) then becomes; 


*The force of adhesion of a quartz particle 3 ,, in size to a quartz plate in water is between 0.02 and 0.90 micro- 


dyne, according to the purity of the water and the time of contact [8]. 
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W = nlVf (a). (2) * 


It follows from Equation (2) that the model must be geometrically similar to the particles under investigation, 
and the rate of bond rupture is low. Real highly-disperse particles have very diverse and often irregular shapes. 
However, there are adequate grounds for assuming that, on the average, microscopic particles are geometrically 
similar to highly disperse particles of the same composition and structure [13]. This justifies the modeling of 
coagulation and structure formation by investigation of the adhesion of microscopic particles to plates [8, 14], 
whereby it is possible to study the influence of contact time, surface inhomogeneity of the particles and certain 
other factors on the interaction. 


The modeling of elastic bonds arising between particles is of interest in relation to the rheology of disperse 
systems. In this case the model and the object are mechanically similar if the following three dimensionless 
characteristics coincide: ,; EARLS PR PEL 2 where E is a measure of rigidity (in the case of a homogeneous 
system it is its elasticity modulus), y is the Poisson ratio, y = pg is the specific gravity, and P is the load. 
The critical stress Tg, which breaks the bond has the same dimensions as E, the ratio T ,/E is dimension- 


less, and 


Top = 1G, E eet PP BP). (3) 


uw varies within relatively narrow limits, the difference between the specific gravities of the disperse particles 
and the dispersion medium is usually not very large, and therefore the main condition of similarity is constancy 
of P/E] 2 Estimation of E for the object is the most difficult problem in modeling of the bond between two 
particles. : 


Elastic and, to a smaller degree of accuracy, incompletely elastic bonds can be regarded as similar if they 
have equal stress-concentration ratios, i.e., equal ratios of maximum to mean stress [15, 16], but the contact 
area must be known for this method of modeling. If the bond is not completely elastic and does not break in- 
stantaneously, which is the case in real disperse systems (see below and also [8]), then the modeling conditions 
include a time factor; for Newtonian liquids it is proportional to their viscosity. 


Deriagin [17] has developed a general phenomenological theory of adhesion, from which it follows that 
the following relationship holds between the adhesion force Fg between two bodies, the energy of interaction 
U between plane surfaces of these bodies in the same medium, the gap h between their surfaces, and a geo- 
metrical factor 


F = OU (h), (4) 


where (is determined by the shape of the gap near its minimum width, and is expressed in terms of the 
radii of curvature of the two surfaces 
oO 
U f(h) = \ P, (I) dil, (5) 
h 


where P, is the disjoining pressure [18] and H is the thickness of the plane-parallel gap. 


Analysis of similarity conditions shows that either geometrically similar bodies or bodies of simple shape 
must be used for modeling of particle interaction. In the latter case it is possible to verify the laws which follow 
from hydrodynamics and the theory of elasticity. The same analysis also shows that the most important factors 
in modeling are the distance between the particles and between the elements of the model, the interaction time, 
and the properties of the dispersion medium. 


The present communications contain the results of determinations of forces of interaction between solids 
of simple geometrical form, with plane and convex contact surfaces, in aqueous electrolyte solutions, mineral 
oils and hydrocarbons, and solutions of surface-active substances. Adhesion experiments were used for studies of 


*This equation is one statement of Stokes’ law. Substitution for a sphere: f(a) const=6n gives the usual ex- 


pression of this law. It may be shown by means of hydrodynamics that if the inertia terms in the Navier-Stokes 
equation are disregarded, Stokes’ law is valid for bodies of any shape. 
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normal forces of interaction, and friction experiments for tangential forces. The first communication describes 
certain specific boundary effects detected in the separation and approach of plane-parallel circular disks in the 
liquids studied. These effects were used to characterize the boundary properties of solutions and lubricating oils 
in narrow gaps between solids. 


Method. According to Stefan and Reynolds [19], the time t of approach or separation of plane-parallel cir- 
cular disks in a liquid of viscosity is given by the equation 


aes eee ak (6) 


where r is the disk radius; hy and hg are the initial and final distances between them; F is the normal force. 
This equation has a strict theoretical basis [19,20] and has been verified experimentally for wide gaps by a num- 
ber of workers [ 21,22], including the present author [23]. Ifh, >» hy, then Equation (6) may be written: 


t = Srerty / AFR, (7) 


Transferring the liquid flow characteristics n and F to the left-hand side of the equation, dividing through by 
the disk area S, and denoting the specific force F/S by o, we have; 


to / 4 = 3rrt/4h2S = bp. (8) 


The product to has the dimensions of viscosity, and ta/n is a dimensionless coefficient. Derived on the basis of 
somewhat different considerations [23], this coefficient was termed the coefficient of boundary thickening and de~ 
noted by the symbol y. 


In the previous communication[24] a method was described for determination of the approach and separation 
times of plane-parallel disks to an accuracy of 0.01 second,and of the gap between them,20, and over in width,to 
an accuracy of 0.02-0.04,.Disks from 2 to 18 mm in diameter were made from U10 steel,quartz,and synthetic ruby; 
they were polished to Class 14 finish and ground against each other. The enlarged image in the Linnick interference 
microscope showed that almost all the microheterogeneities(Hgy < 0.03y )were directed into the disks.A special de- 
vice was used for keeping the disks strictly parallel in approach and separation(under forces from 0.0 to 8 kg/cm?), 


The disks were completely immersed in the liquid, and steps were taken to remove dust and air from the 
space between them. The liquid was kept at constant temperature (within + 0.1°). 


The gap between the disks, and its variations, were read off from the scale of a mirror galvanometer in- 
cluded in a capacitance bridge. One of the arms of the bridge consisted of the separable plates of a plane capaci- 
tor, the distance between which varied in proportion to the gap ‘between the disks. The galvanometer scale was 
calibrated by direct measurement of the distance between the disks by means of a horizontal microscope and an 
Uverskii interferometer. The distance between the disks pressed against each other under the given load in air 
was taken as zero. The disks were first washed repeatedly in the distilled solvents and rubbed over three times 
with powdered activated charcoal. The quartz and ruby were heated strongly. The liquids used were filtered 
before the determinations. 


Approach of plane-parallel disks. A pressure which forces the liquid out of the gap arises between plane- 
parallel disks approaching each other. In streamline flow of a Newtonian liquid, under conditions such that wall 


slippage may be disregarded, the pressure P at a point x_ is given by the following expression [25] 
P,, = 3nV (r? — r2) / h’, (9) 


where V is the approach velocity of disks of radius r; r, is the distance from the disk center, Hence the maxi- 


mum pressure at the disk center is 


Pax == 30V 7? | (10) 


A parabolic velocity distribution is established along the radius, Simple geometrical considerations show that 
the average flow velocity ¥ and the maximum rate of shear of the liquid S,,,, conform to the following rela- 
tionships: 
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v= rV / 2h, (11) 
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i poe calculated dynamic parameters of the liquids for these experi- 
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Fig. 1. Variation of the gap h, be- Fig. 2, Experimental relationship be- 
tween plane-parallel quartz (2 and tween the parameters of the Stefan- 
5) and steel (1,3 ahd 4) circular Reynolds equation and the gap between 
disks with the contact time t: the disks, with a correction for the re- 
1,2) normal pressure 0,2 kg/cm’, sidual liquid layer (curve numers as 
8,4, and 5) 4.0 kg/cm’, Liquids in Fig. 1). 
between disks; 2,5) 0.01 NaCl 
solution; 1,4) transformer oil; Evidently the decrease of the approach velocity may 
3) 0.01% solution of stearic acid be the consequence of a diminution of the effective gap 
in transformer oil. owing to formation of a quasisolid residual layer. Indeed, 


the results in Fig. 2 show that, if h,.;, is subtracted from 
h, the h= f(1/y"t) curves become more nearly linear although the approach velocity still diminishes at very 
small gap widths, 


On the assumption that the boundary properties of a liquid are manifested by the difference between its sur- 
face and volume mechanical properties, the thickness of the boundary layer can be found by estimation of the gap 
width at which the linear relationship between h and t™ 1h breaks down. Some of these results are given in Table 
2; they show that the thickness of the boundary layer is not constant but depends on the properties of the liquid, 
and it may be influenced by the temperature and flow velocity, and also by the properties of the solid. 


The residual layer. The approach (and separation) velocity of the disks is strongly dependent on their radius, 
but the thickness of the residual layer remains constant, with the limits of experimental error, for disks of different 
diameters (Table 3). The value of hy jp is determined by the composition of the liquid, the disk material, the 
specific normal pressure, and the temperature. 


TABLE 2 
Thickness of Boundary Liquid Layers, Measured by the Disk Approach Method 
(hy, = h/2, at which the linear relationship between h and t 1/2 breaks down) 


Temperay vio |, 
Liquid Disks ce jem/sec b>? 

Transformer oil fraction 

teel 20 1,40 0,14 

Vo = 39,7 centistokes The same 80 1,70 0,08 

yi 20 0,85 0,18 

Quartz 20 4,60 0,12 

0,05 N NaCl The same 20 0,79 0,414 

is 50 0,70 0,09 

90 0,64 0,09 

Ruby 20 0,80 0,10 


6 finish), The large correction is more likely to indicate that the determinations were not sensitive enough or that 
the apparatus had technical defects. 
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As the temperature increases, hy,jn for mineral oils and solutions of fatty acids in them remains unchanged 
at first, but later drops sharply (Fig. 3). The fall of hyyjn Occurs over a certain temperature range (extending 
over 10-15° and more), which may be regarded as the region of partial disorientation of the boundary layer 
("fusion"). This region differs for different liquids; it is below the melting point of the boundary layer measured 
at high contact pressures [25, 26]. It follows that formation of the residual layer depends not only on chemisorp~ 
tion, which determines adsorption of the first layer of fatty acid molecules on the metal surface, but also on the 


structural factors of the boundary layer. 


TABLE 3 


Thickness of Residual Liquid Layers 


ae Dinin Wiad i! 
Specific Tempera 
Liquid Disks pressure ture, disk diameters, mm 
3,» g/em*| "CG 2 | vga ie | 17 
Vacuum-distilled frac~ roa 2000 20 0,05 | 0,07 | 0,07 | 0,06 
: F uartz 2000 20 = 0,03 | 0,04 | 0,04 
tion of transiotmer oil Rub 5000 50 oo hg ioe ay pest at 
Voo= 35.3 centistokes | Steel 200 80 0,08 | 0,10 | 0,10 | 0,09 
The same + 0.3 % Steel 200 20 O20 FoTel OF 32 coe 
stearic acid Quartz 200 20 — 0,20 = 0,20 
0.1 N LiCl] solution Quartz 200 20 — 0,148 | 0,20 | 0,48 
Quartz 2000 20 — | 0,09 | 0,09 | 0,09 
Ruby 200 20 wt Ost Omit Ost Onl 


The thickness of the residual layer decreases with 
increase of specific pressure (Fig. 3 and Table 3); its de- 
pendence on the pressure diminishes with decrease of h' pin 
[23]. For a constant narrow range of specific loads we 
can calculate, by analogy with the compression modulus, 
the ratio of the thinning of the residual layer to the in- 
crease of load; 


0 20 40  600,,kg/cm” 
—————— ee | 
Fw ee OOO Ee 


Se eee | ’ n , 
0 G05 00 Of aw G% Pi ands Bean Oni Ore 
7 Oyeed., — pS, Ss ? (13) 
Fig. 3. Variations of the thickness of the min ~~ “min 
residual layer Hypin of a vacuum- 
distilled fraction of "L" turbine oil h E , he f Fh 
. . : : : \ " 

with the stearic acid concentration c, Vos es Oyen ae tetatebe Att en she ent th 


temperature t°, and specific load op. ’ a . 

to attenuation. Although Eogyp_oy, is a conventional 
measure, it is convenient for characterization of the re- 
sistance of the residual layer to thinning. Most of the determinations were performed in the 0.2-2.0 kg/cm? load 
range. The value of Ey2—, 9 varies in the range of 0.8-12 kg /cm’, in accordance with the composition of 
the liquid and its content of surface-active substances (Fig. 4). The resistance of thining of a residual layer more 
than 0.02, thick is several orders of magnitude less than the compression modulus of solids. 


For a given sample of mineral oil or solution of fatty acid in oil E oOn-On increases with decrease of 
h'min OF, correspondingly, with increase of o,,- This shows that the bond strength between the components of 


the residual layer increases with increasing approach to a solid surface, 


For elucidation of the nature of the residual layer it is important to estimate the reversibility of its thick- 
ness on removal of load. Fig. 5 shows variations of hyyj, for 0.05 N LiCl solution between quartz disks on al- 
ternate loading and unloading. At instant T, the load was increased from 80 to 2000 g/cm?, and at instant T, 
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it was decreased from 2000 to 80 g/cm’, 


The results show that part of the residual layer is in equilibrium. 


The equilibrium effect is, in all probability, equivalent to the disjoining pressure discovered by B. V. 
Deriagin et al. [18] in experiments on the adhesion of gas bubbles to solids in liquids. From this viewpoint the 


observed increase of Ea. 
n—On 


" with decrease of hin should be interpreted as in increase of the disjoining 


pressure with decrease of the distance between the disks. 


GO -35 -20 -§5 loc d4 
[ee ee ee ee eee 
0 G05 G0 OB GBcst, acid,% 


Fig. 4. Variations of Ey —29 for 
a vacuum-distilled fraction of tur~ 
bine oil between steel disks with 
concentration of stearic acid (1) and 
KCl solution between quartz disks 


(2). 


1] 2000 4000 6000 t, sec 


Fig. 5. Effect of alternate loading and 

unloading on the gap between quartz 

disks separated by 0.05 N LiCl solu- 
tion (temperature 20°,initial load 80 g/ 
cm’). 


Separation of plane-parallel disks. The separation 


time of disks in solutions of electrolytes and surface-active 
substances increases with increasing time of previous con- 
tact and with the compressing load. The coefficient of 
boundary thickening varies similarly (Fig. 6). The ex- 
planation of this effect is evidently that the gap between 
the disks persists and partially decreases in width with 

time and under the action of the load. This effect is not 
observed in the separation of quartz disks in benzene or 
isooctane. As was noted earlier, these liquids do not form 
residual layers on quartz. 


Proof that boundary layers of liquid persist between 
the disks is also provided by experiments on the time re- 
quired for their separation. If the gap between the disks 
is assumed to be equal to the lower sensitivity limit of 
the method (0.02 ,,), Equation (7) shows that the time of 
separation should be 10°-10° seconds. However, the ex- 
perimental value for the separation time of disks in low- 
viscosity liquids does not exceed 20-30 seconds, while in 
viscous oils it is between 10” and 10° seconds. However, 
if hy in Equation (7) is taken to be the thickness of the 
residual layer, the theoretical time of separation becomes 
close to the experimental value (Table 4). The theoreti- 
caltime of separation is considerably in excess of the ex- 
perimental value only with viscous liquids, if the duration 
of preliminary contact is insufficient. 


The factors influencing disk separation are not 
confined to the geometry of the gap and the viscosity of 
the liquid. After a contact time sufficient for the forma-. 
tion of the residual layer, ~ increases with increasing 
concentrations of fatty acid in mineral oil and of elec- 
trolytes in water, although it might be expected to remain 
constant or even to decrease. Fig. 7 shows that the coef- 
ficient of boundary thickening of LiCl] solution in the 
gap between disks the same distance apart increases with 
increasing concentration of the solution. This may be in- 
terpreted as an effect caused by increase of viscosity in 
the boundary layer. The mechanism of this effect will be 
considered in future communications. 


After the disks had been calibrated. by means of a liquid which forms virtually no boundary layer, and the 
separation time of the disks and the width of the gap between them had been determined by independent methods, 
Equation (8) was used for calculation of the viscosities of certain solutions and oils in the boundary layer (Table 5). 
The integral values of the boundary viscosity m, of the solutions studied are not more than 6 times the values 
of the volume of viscosity; * this coincides in order of magnitude with the latest determinations of boundary 


viscosity by the blow-off method [27]. 
its thickness. 


Fig. 1 suggests that the viscosity in the boundary layer depends on 


*In our earlier papers on the separation kinetics of plane-parailel disks [23,24] the values given for the boundary 
-viscosity of bone oil and instrument oils are roughly 1.5 times the correct values,because of the inaccurate correction 


for the residual layer. 
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Fig. 6. Effects of contact time t, (1, 2, 3) of disks in liquids, and of the 
applied load o,, (4, 5), on the coefficient of boundary thickening ~ at 
20%; 

Liquids: 1) vacuum-distilled fraction of turbine oil;n, = 2.3; 2,4) 0.25% 
solution of stearic acid in this fraction; 3,5) 0.05 N aqueous NaCl solu- 
tion; 1, 2, 4) steel disks, 17mm in diameter; 3, 5) quartz disks, 8mm 
in diameter. 

Loy =, sep 80 g/cm; 2) op, =200 g /om?, Osep- 400 g/cm; 3)ap= 


=4000 g/cm’, Osep=80 g/cm’; 4) Ogep~ 80 g/cm’, t,= 60 seconds; 5) 
Osep=80 g/cm’, t,= 1800 seconds. 


Fig. 7. Variation of the coefficient of boundary thickening of electro- 
lyte solutions in water with the gap width between quartz disks (de- 
termined by N. I. Kaverina), 


1) 0.01 N NaCl; 2) 0.001 N LiCl; 3) 0.01 N LiCl. 


TABLE 4 


Separation Time tsep for Plane-Parallel Disks in Liquids (Disk radius 0.6 cm, separation 
force 80 g/cm? at 20°) 
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Time of tsep » Sec 
Bs ; reliminar - - 
Liquid Disks pantach, : theoretical experi- 
min see 
hy =0,02 u | hy=2hpin | Mental 
0.1 N NaClsolution. - - - Quartz 420 8,6-108 49 42 
0.1 N LiCl solution. . . " 60 8, 6-108 9,6 3,4 
eran iy + ne 01% PG 
almitic acid -+-+--.:+} tee 103 
aphthenic fraction of yD ery sii ag 
MS 20 Groznyi oil + 
0.005% butyric 
BOT er thar iii vt ee ait elute hte N 30 8,1-10° 2200 1680 
“L tusbine. OL sy. f65 os bi 150 2,6-108 620 595 


TABLE 5 


Increase of Boundary Layer Viscosity Compared with Volume Viscosity 
Measured by Means of Plane-Parallel Disks, at 20° 


Disks 


olume 
Liquid Mcrty, nN, 
Cc 


Initial 


BaP» p/n 


entipoises 


Quartz HQNZORGc oe ak a 0,65 0,02 4°39 
Steel bee TE es fraction 
OMturpine one-one 35 

Steel The same..... tel eis ae 0°20 2°) 
Quartz a8 35,3 0,15 Pot 
Steel 1S) Loo) ES SR ne 84,2 0,14 4,9 
Quartz 0.05 N NaCl solution... e-0 OAs 2,0 
Quartz {0.05 N LiCl solution | | | 10 0,44 3,4 


xyg'# (Curve 4) 
gros (curve 5) 


a / 2 3 Ken 
kg/cm 


2 


Fig. 8. Influence of the separation 
force Ssep On the coefficient of 
boundary thickening of a turbine 
oil fraction of n= 2.3 at 20°: 

1, 2, 3) quartz disks, 12 mm in 
diameter; 4, 5) steel disks, 5 mm 
in diameter; 1) ap= 80 g /cm?, 
t,=300 seconds; 2) op,= 802 / 
cm’, t= 3600 seconds; 3) poy 
=1000 g/cm’, t,,=3600 seconds; 

4) o,=4000 g km’, t,=300 seconds; 


5) 6 ,=4000 g/cm’, t,= 3600 seconds. 


The activation energy of liquid flow is higher in the bound- 
ary layer than in the volume of the liquid, and it increases as the 
residual layer is approached [1]. The value of ¥ remains unchang- 
ed, increases, or decreases with the temperature in accordance 
with the ratio of the temperature coefficients of the separation 
time and volume viscosity [23]. 


The values of y and Ny /n decrease with increase of the 
separation force, and hence the separation velocity, in mineral oils 
(Fig. 8). This is an indication of anomalous viscosity in the bound- 
ary layer. Since the viscosity in the boundary layer is high and 
anomalous, the values of Prax (Table 1 and other data), which 
were calculated with the use of viscosity values, are approximate. 


SUMMARY 


1. Studies of adhesion and friction of plane and convex 
solids of simple geometrical shape in liquids can be used for model- 
ing of the interaction of colloidal and microscopic particles in dis- 
perse systems, 


2. Oils and solutions of fatty acids and electrolytes contained 
in narrow gaps between approaching or separating plane-parallel 
steel or quartz disks have higher effective viscosities in these gaps 
than in the volume of the liquid. These liquids leave residual lay- 
ers between the disks; these layers are not squeezed out by pressures 
up to 8 kg/ cm’. These boundary properties are not found in ben- 
zene or cyclohexane and are very weak in isooctane. 


3. The thickness of the boundary layers of the liquid studied does not exceed 0.3-0.4,, and depends on 
the solution composition, the disk material, temperature, and the applied force. The thickness of the residual 
layer depends on the composition of the liquid and the solid material. 


The thickness of the residual layer in mineral oils and solutions of fatty acids in them decreases sharply 
over a definite narrow range of temperature. The resistance to the thinning of the residual layer increases with 


approach to the solid surface. 


4, The thickness of the residual layer of LiCl solution in water is partially reversible upon variation of 
the normal load. The equilibrium character of part of the residual layer may be regarded as a manifestation 


of the disjoining pressure of the boundary liquid layers. 


5. The mean effective boundary viscosity of the wall layer of a liquid is 1-6 times the volume viscosity. 
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It seems likely that it increases in the boundary layer with decreasing distance from the residual layer. The 
boundary viscosity depends on the same factors as the thickness of the residual layer. 
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LETTERS TO THE EDITOR 


CALCULATION OF THE WORK OF HOMOGENEOUS NUCLEUS -FORMATION 
IN VAPOR CONDENSATION 


L. M. Shcherbakov 


The dependence of surface tension on drop radius cannot be taken into account by simple replacement of 
the tabulated value of o in the Kelvin equation by the modified value o=o (r) . Theprecise conditions of 
equilibrium in the system drop (1) —vapor (2) are [1]: 


2 
M1 (Pi, T) = Ua (P2,T), Py—P2= = oes (1) 


Hence for the saturated vapor pressure of the drop we have 


The work of formation of a nucleus in a homogeneous medium of vapor pressure P can be expressed [2] in 
terms of the change of potential Q: 


A=Q—Q), 
where 


4 4 
a=—P(v a5) — Py. 3 mrs + 4nr’o, 


From Equation (1) we have 


4 [ ~.) 


ele Tc eee (2) 


By Equation (2), the work of nucleus formation becomes zero not whenr=0, but at a finite value r* , de- 
termined by the condition 


o/r* = 00 /dr*, 


and this happens before g becomes zero. 


When r <r *, nuclei are formed without expenditure of work. Therefore supersaturation 


v 20 Oc 3ov 
se =P /P,)* = exp {gr(se + Ge)} = ex (ree) > 


corresponds to the start of spontaneous condensatidn. However, when S = S*, the rate of nucleus formation is 
negligible, so that somewhat higher supersaturation is required in practice. 


It has been shown [3] that in absence of active centers spontaneous condensation begins at a definite and 
reproducible critical supersaturation §,. S, is theoretically defined as the supersaturation at which the rate of 
nucleus formation becomes considerable. The foregoing considerations eliminate the arbitrary character of 
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calculation of S,, as the latter is correlated with the lower limit of the region of spontaneous condensation S *, 
- which can be found on thermostatical considerations. 


For comparison of the results with experimental data, we use the following formula [4] as a first approxi- 
mation of the relationship between o and f 


o=06,,(1—2/ar), 


where ao=—V/@afP)r , an empirical coefficient. Then r *=4/a, which is of the order of 10°'cm. S* 
then becomes 


36,710 
_ Se = exp | Sir) * 


Taking a published value of a[5], we find for C,H;0H S* = 2,09, whereas the experimental value [3] of S,=2. 34. 
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DISCUSSION 


VERIFICATION OF THE APPLICABILITY OF HIGH-FREQUENCY ANALYSIS 
TO COLLOIDOCHEMICAL STUDIES 


N, F. Ermolenko 


(With reference to the paper by V. I. Ermakov, V. N. Maslov, and O. G. Stoliarov, 
Colloid J. 19, 198, 1957) 


On the basis of the hypothesis, advanced by Eristavi and Barnashvili[1], that the structure of the diffuse 
electrical double layer in micelles is changed under the influence of a high-frequency electromagnetic field, 
Ermakov, Maslov, and Stoliarov [2] concluded that, conversely, changes in the electrical double layer in micelles 
in colloidal processes should produce changes in the dispersion of conductivity, which may be detected by means 
of high-frequency analysis. They designed an apparatus for high-frequency analysis and tested the possibility of 
determining, with its aid, changes in the structure of the electrical double layer on particles of ferric hydroxide 
sols under the coagulating action of (NH4),SO, the expected effect was observed. 


We consider that the choice of the second system for the verification is unfortunate. They used gelatin 
mixed with ferric hydroxide and expected extensive interaction to occur, accompanied by changes in the elec- 
trical double layer in the ferric hydroxide sol micelles; however, they did not detect a visible effect (incidentally, 
this result was to be expected). Gelatin is a complex organic amino acid which dissociates only slightly, and 
therefore neither extensive chemical interaction with ferric hydroxide nor changes of the electrical double layer 
in the micelles of the latter could occur. In this case gelatin acts as a protective substance which has virtually 
no effect on the diffuse character of the electrical double layer of the ferric hydroxide micelles. However, if air 
is blown through this system, ferric hydroxide is carried out to the surface with the protein foam (by flotation), 
and it is only in the surface layer that changes in the double layer of the ferric hydroxide micelles, owing to 
the increase of concentration, are possible; this may lead to coagulation. We have termed this effect laminar 
coagulation [3]; it was used extensively by Mokrushin [4] in his work on foam chromatography, Similar changes 
in the micellar double layer may occur on sedimentation of weakly charged particles of a suspension, as described — 
by- us earlier in relation to sedimentational thixotropy [5]. 


The authors [2] state that by using gelatin as the other component with ferric hydroxide they confirmed our 
interpretation [3] of the interaction of the protein with ferric hydroxide. Here they are guilty of a dual error. 


1. In the investigation cited we did not use gelatin but a vegetable protein in an alkaline medium. 
Gelatin, being a degraded protein, is soluble in water, is weakly dissociated, and is not precipitated from aqueous 
solution even in the isoelectric state. Our vegetable protein is almost insoluble in water but is readily soluble in 
alkalies. In the latter case the protein macromolecules are in salt form and are readily dissociated, and there- 
fore they are negatively charged, as is shown in our scheme. Hence such macromolecules can interact more 


readily with the positively charged micelles of ferric hydroxide as follows: 


NH, NH2- 
Via ee 
3R +. [Fe (OH,),,:-Fe’+ + 3Cl- > | R [Fe (OH)s],, Fe + 3Nat | Cl-. 


COO + Na coo ts 
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It is easily seen that such an equation is not applicable to gelatin in a neutral medium. 


2. Careful study of our paper should have shown that, as we emphasized, deeper interaction between the 
protein micelles and ferric hydroxide, up to coagulation, would take place in the surface adsorption layer during 
foaming of the system. That is why we described this type of coagulation as laminar. The fact that a protein 
foam holding ferric hydroxide is more stable than a pure protein foam indicates that there is extensive bonding 
of the components in the surface layer. Thus, the greatest changes in the electrical double layer in our system 
should be detected in the surface adsorption layer. 


If we wished to test the applicability of high-frequency analysis to detection of changes in the electrical 
double layers of micelles, we would use a system without protective substances, of the type 


3 {[As2Ss],,-m HS-, (m — x) H+) x H + {[Fe (OH)s],,-™ Fe®+, 3 (m — x) Cl-) 3a Cl- > 
— coagulum- 3H* / Cl-. 


This would be a “pure system, not influenced by side factors (protective effects), and changes in the 
electrical double layer of the micelles would lead to visible coagulation, not in the surface adsorption layer, but 
in the volume, where the authors cited performed their determinations. 
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Reads 


So = —0,06 + 0,026 VM 
ac/dt = 0 


1.dm__1 
m dt min 


1/M—1l~1/M 


M/M, 

Since in high-temperature 
degradation initiation also 
occurs at the chain ends, 
although the ends no longer 
contain double bonds (i.e. 
every molecule can be ac-’ 
tivated), it follows that 
n=1/Morne=1J, and in 
accordance with Equations 
(11) and (12) the expression 
DECoOMmes <2... 

dv _ Koka} / Fyn 


dn pe kg 


Should read 
Sy = —0,06 + 0,026 VM 


dc/dt =0 


1/p—t = 1/p 


Mo Mok 
eee oo 
M a p : 


Mo/M 


Since in high-temperature 
degradation initiation also 
occurs at the chain ends, 
although the ends no longer 
contain double bonds (i.e. 
every molecule can be ac- 
tivated), it follows that 

n= 1/Morn=1l, in ac- 
cordance with Equation 
(11). In Equation (12) the 
expression becomes.... 
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